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Abstract 


The mid-infrared spectra have been recorded of the 
structure I and structure II clathrate hydrates of tri- 
methylene oxide dispersed in mulling agents at 95°K and in 
potassium bromide pellets between 175 and 62°K. The 
assignment of the water absorption was made by comparison 
with that of other disordered water systems. The 
frequencies and half-widths of the water absorptions were 
related to the number, length and range of the O---O bonds. 
This was most successful for the Vop (HDO) absorptions, 
for which an explanation was suggested for the differences 
between clathrate hydrates of polar and non-polar guest 
molecules. 

The assignment of the guest absorptions of the two 
hydrates of trimethylene oxide was made by comparison 
with those of gaseous, liquid and solid trimethylene oxide. 
The differences between the frequencies of gaseous tri- 
methylene oxide molecules and those trapped in the 14- 
ana 16—-hedral®cages or the structure Teandvstsuctures ‘bt 
hydrates, respectively, were interpreted, using ideas 
proposed by Pimentel and Charles, in terms of the magnitude 
of the interaction between the guest and the cage. These 


G@atterences tor the ac— and 8-CH vibrations: of the structure 
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I guest molecule were shown to support the previously 


proposed preferential orientation of the guest molecules in 
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the 14-hedral cages. The frequencies of the guest absorpt- 
ions of ethylene oxide hydrate were also related to the 
guest-cage interaction. The temperature dependence of the 
frequencies, half-widths and peak heights of the water and 
guest absorptions of the structure I hydrate showed no 
effect of the proposed, parallel ordering of the guest 
dipoles at temperatures below about 100°K. 

The infrared spectra of thiophosphoryl chloride in 
the gas phase and adsorbed thiophosphoryl chloride on 
polyethylene have been recorded between 200 and 1000 cmt, 
together with the Raman spectra of liquid thiophosphoryl 
chloride between 150 and 1000 cm >, The complicated 
absorption at 250 em™+ in the infrared spectrum of gaseous 
thiophosphoryl chloride has been assigned to the symmetric 
and antisymmetric Cl-P-Cl deformation vibrations of the 
various naturally occurring isotopic forms of the molecule. 
Also the symmetric and antisymmetric P-Cl stretching 
vibrations of various isotopic forms of the molecule have 
been assigned to absorptions in the 400 to 600 se region 
of the infrared spectrum of the gas. A normal coordinate 
calculation was performed to aid the assignment of the 


Spectrum. 
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Preface 


This thesis deals with two unrelated molecular sys- 
tems. Chapters 1 to 5 are concerned with the vibrations 
of the two clathrate hydrates of trimethylene oxide, while 
Chapter 6 is concerned with the vibrations of thiophosphoryl 


chloride. 
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Chapter One. Introduction 


1.1 General 

The first five chapters of this thesis are concerned 
with the vibrations of the clathrate hydrates of oxetane 
(hereafter called trimethylene oxide). In order to pro- 
vide a theoretical framework within nach the absorption 
by the encaged trimethylene oxide molecules may be inter- 
preted, a general approach to the vibrations of encaged 
species is presented in Section 1.2. The clathrate hydrate 
lattices are formed by hydrogen-bonded, four-coordinated 
water molecules, as are the various phases of ice. The vib- 
rations of the water lattices in the hydrates should, there- 
fore, be similar to those of the ice phases. Thus the 
Structures and vibrations of the polymorphs of ice as well 
as the clathrate hydrates are discussed in Section 1.3. 
The previous studies of the physical properties of the 
clathrate hydrates of trimethylene oxide are also presented 
in Section 1.3. A most probable assignment of the vibrational 
spectrum of gaseous, liquid and solid trimethylene oxide is 
deduced in Section 1.4 from a comparison of the previous 
Studies. Finally, the objectives of this study are presented 
Tec One .5 > 
1.2 Vibrations of Encaged Species 

In order to approach the problem of the perturbation, 


by the cage, of the vibrational energy levels of an encaged 


molecule, it is first necessary to identify the various 
interactions which may occur between a pair of molecules 
which are sufficiently far apart that electron exchange 
may be neglected (1). These interactions can be divided 
into static and dynamic effects. 

The static effects can be subdivided (1) as follows: 
the electrostatic interaction of the permanent charge 
distributions of the two molecules, the inductive inter- 
action of the permanent charge distribution of one molecule 
with the charge distribution induced in the other molecule, 
the dispersive interaction of the instantaneous charge 
distribution of one molecule with the instantaneous charge 
distribution induced in the other molecule, and the repulsive 
interaction of the charge distributions of the two molecules. 
The dynamic effects arise from the fluctuations in the 
interactions listed above during the normal vibrations of the 
two molecules. 

Barnes (1) has performed detailed calculations of the 
differences between the fundamental frequencies of vibration 
of gaseous diatomic molecules and those of diatomic mole- 
cules encaged in low temperature matrices. The individual 
vibrational frequency shifts due to the inductive, dispersive 
and repulsive interactions were summed to give the total 
Calculated shift for the four hydrogen halides in matrices 
of neon, argon, krypton, xenon, methane, tetrafluoromethane, 


sulphur hexafluoride, nitrogen, carbon dioxide and carbon 


monoxide. The shifts calculated for the attractive inter- 


actions were negative. These shifts are AV nd due to 


the inductive interaction and AVais due to the dispersive 
interaction, where Av is defined as one difference between 
the frequency of the encaged molecule and that of the 
gaseous molecule in emt units. For hydrogen fluoride, 


Av. was about half of Av 


ind , Whereas for hydrogen iodide 


dis 


Av. gq was about 0.1 percent of Av 


in The shifts calculated 


dis° 
for the repulsive interactions, eet were positive, and 


were of the same order of magnitude as Av except for 


elglcyy 
hydrogen fluoride for which they usually had the same 


magnitude as Av. As the ratio of the size of the solute 


raeke 


molecule to that of the cage increased, so did Av. yas 


€p 

would be expected. Comparison of the total calculated 
shifts with those available from experiment showed that 
there was reasonable agreement for the matrices which pro- 
duced approximately spherical cages, however the agreement 
was poor for the non-spherical cages of the nitrogen, carbon 
dioxide and carbon monoxide matrices. 

More qualitative ideas have been successfully applied 
to systems which cannot be explained, at present, by 
detailed calculations. Buckingham (2) has considered the 
shifts of the vibrational frequencies of diatomic, solute 
molecules due to the interaction with a liquid solvent. 


He assumed that the interaction energy could be expanded as 


& power series in the dimensionless displacement coordinate, 
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(r - r)/T ee of the solute molecule, where Ee is the 
equilibrium bond length andr - re is the displacement from 
equilibrium. Then, by treating this interaction, and the 
anharmonic terms in the potential energy function of the 
free, solute molecule, as small perturbations to the har- 
monic potential of the free molecule, an expression for the 
vibrational frequency shift, Av, was obtained. Buckingham 


obtained the expression for the fundamental frequency shift, 


B 
As e pets ede P Stet 


where Av is defined above, B, is the equilibrium rotational 
constant in em > Units, We is the 'classical' frequency of 
the harmonic oscillator in Bee UnitS ele eand.U Daare, 
respectively, the first and second derivatives of the inter- 
action energy with respect to the dimensionless displacement 
coordinate, averaged over all solvent configurations, A is 
an anharmonicity constant expressed in cm + units ;Agh.is 
Planck's constant and c is the speed of light. This express- 
ion relates the frequency shift to the interaction energy, 
but in order to obtain the magnitude of Av, it is necessary 
to have a detailed knowledge of the interaction energy. By 
substituting, 


45 
B = — > and © eal) 


“A 81 uCcr, - 27C 


into Buckingham's expression for Av, Pimentel and Charles (3) 
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obtained, 
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where re is the equilibrium bond length, u is the reduced 
mass and k is the harmonic force constant. 

Pimentel and Charles (3) were able to interpret the 
Av values of polyatomic solute molecules trapped in low 
temperature matrices in terms of this expression. The sign 
of Av is determined by the expression inside the brackets, 
whereas the magnitude of Av is inversely proportional to 
the square root of the force constant. Pimentel and Charles 
related the sign of Av to the degree of freedom experienced 
by the solute molecule in the cage, using the ideas 
illustrated in Fig. 1.1. They considered only the displace- 
ment of the internal coordinate Tap of the solute molecule 
ABCD and assumed the matrix cage molecules M to be fixed 
Tigidly in position. Fig. 1.1 shows *the potential energy 


of interaction of atoms B*and M, U as a function of the 


BM’ 


distance Ypq Or © distance AM being assumed to be 


AB’ 


constant. It also shows the corresponding curves for the 


BM’ derivatives of UM with 


Pimentel and Charles noted that if atom 


first." and second, U” 


BM’ 


TESDeECE LO rap* 


Bis “lodged at a distance greaterithan ry from atom M, both 


U" om and U" Bm are negative and, since the anharmonicity 


POnstalt A 1s tegative, Av MUSe pernegative;, In=this case, 


they described the internal coordinate r as being in a 
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Fig. 1.1. Potential energy of interaction, U,,, between a 
polyatomic solute molecule and a matrix cage, and its first 


' " 7 + 7 
U BM’ and second, U BM! derivatives with respect to Cape 


loose cage environment. Conversely, if atom B is lodged 
at a distance less than ra from atom M, both U' om and 


U" aM are positive and Av must be positive; Pimentel and 
Charles described the coordinate Tap 2s being in a tight 
cage environment in this case. Clearly, the sign of Av 

£Or r.<T py ST] is determined by the relative magnitudes of 


U' om and U" aM and no generalisations can be made. 
The experimental values of Av for the four hydrogen 
halides in low temperature matrices (1) are listed in 
Table 1.1. For every matrix, the value of Av becomes 
progressively more positive asthe size of ‘the solute 
molecule increases. This is completely consistent with 
Pimentel and Charles' arguments, since the H-X stretching vib- 
ration must experience a progressively tighter cage environment 
as the size of HX increases for a given matrix. Apparently 
the inverse dependence of Av on the square root of the force 
Constant does not affect the ‘trend. Also the values of 
BVSEOr a Pe emavcesoen halide in the four inert gas matrices 
become progressively more negative as the size of the inert 
gas atom, and thus the size of the substitutional site, 
increases, which is consistent with the progressively looser 
cage environment experienced by the vibration. 
Pimentel and Charles (3) reviewed the experimental 
values of Av for the various vibrations of polyatomic mole- 


cules in low temperature matrices that were available to 


them in 1962. They found that, in general, stretching 
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Table 1.1 


Experimental Frequency Shifts?’ 2 of 


the Hydrogen Halides in Matrices® 


x Av (HF) Ay (HCL) Av (HBr) Av (HI) 
- 8.8 +14.5 ~ | a 
-40.9 = Sor + 0.9 +16 
=39 55 -30.6 -16.7 -6.6 
-58.9 -43.8 - = 
= PEERS ys 4 -8.8 
= -18.0 - fs 
- -20.8 =19.9 +2 
= Soloed =31.7 -12.8 +7.6 
- -42.7 = +30). 0 
- -79.5 -53.9 pk 
In cm? 
Freguency shift = Av =v 


gee) ° 
matrix gas 


Taken from reference l. 
Derived from the value for the deuterium halide. 
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vibrations exhibited negative. values of Av whereas bending 
vibrations exhibited positive values. They rationalised 
this trend by arguing that the lowest energy position of 
the solute molecule would be a compromise between optimum 
distances at some points of contact with the cage and less 
than optimum distances at other points; and that the normal 
coordinates with low force constants, the bending coordinates, 
would be more tolerant of tight cage environments than 
those with high force constants, the stretching coordinates. 
Murchison and Overend (4) pointed out that the frequency 
shifts of the fundamental vibrations of the matrix isolated, 
triatomic molecule eaelegeaN can be understood in terms 
of the arguments of Pimentel and Charles. Data obtained 
Lromeother woukens..(5...6) for other matrix isolated, 
triatomic molecules, sere and HCN, can also be under- 
stood in this way. The experimental Av values are listed 
in Table 1.2. In every case the Av value for the bending 
vibration is more positive than the Av values for the 
stretching vibrations, in agreement with the trend noted by 
Pimentel and Charles (3). It can also be seen that the 
V3 and Vy modes of C1CN experience a looser cage environment 
in argon than in neon, as would be expected, although the 
bending mode, Vor is apparently slightly more restricted in 
argonwthanwansneon..« The frequency shifts for HCN in diff- 
erent matrices are difficult to evaluate (1) because the 


cages in N. and CO are not approximately spherical. 
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Table? dc 


pro 


Experimental Frequency Shifts” of 


Same Pea 32,16, 


Cigeg Cae Ny 2 and HCN in Matrices© 


(i) 370 }2014K 
Mode V3 (a.str.) v, (s-str.) V5 (bend) 
Vv 22. 1:5%:6 TIAZO 378.6 
__gas re ee SE Aes a ae 
Matrix 
Ne +0.8 +5.6 +5.9 
Ar -6.9 +3.7 +7.2 
(ii) 375 0808 
Mode v3 (a.str.) Vv, (s-str.) V5 (bend) 
Vv PSG 19..3 VS e4 op RY 4 
gs GAs Sx SUC ese eS ee MRL SEOs Sort Weare eee hoe 
Matrix 
Kr -10.9 -1.6 +1.3 
Cir) .GHCN 
Mode v3 (a.str.) Vv, (s.str.) V5 (bend) 
v 3311 2097 712 
eee LS: a ee ee SI RE, Sate ha co Cores 
Matrix 
Ar - 8 -4 + 83 
No -23 0 +29 
CO 250 +7 rey 
a) In ane 


b) Frequency shift = v 


2). Sox 
matrix gas 


¢) Taken from reference 4. (C1CN),°5 (SO.) and 6 (HCN). 


d) Average of doublet frequencies. 


Pimentel and Charles' (3) experimental Av values for 


two tetra-atomic molecules, HN. and NH in a number of 


3 3¢ 
Matrices are listed in Table 1.3. For every case in Table 
1.3, the Av value of the lowest frequency vibration is 
more positive than that for the highest frequency vibration. 
Also the Av values for all of the vibrations listed for 


HN. in xenon matrices are more negative than the correspond- 


5 


ing Av values for argon matrices, as would be expected. 


11 


However, it is not clear why the Av values for the Vor V3 and 


Ny vibrations of HN. in a krypton matrix are more positive 
than the corresponding values in an argon matrix. 

In summary it can be said that Pimentel and Charles' 
ideas apply rather well, and that a molecule trapped in a 
tight cage environment in inert gas matrices generally has 
higher vibrational frequencies than when it is trapped in 
a loose cage environment. Further the highest frequency 
vibration usually has a larger negative shift than the low-— 
est frequency vibration, however, the shifts of the inter- 
mediate vibrations are sometimes contrary to those expected. 

Before concluding this section on the vibrations of 
encaged species, it is of interest to mention some work on 


the vibrations of molecules trapped in the cages formed by 


B-quinol. Palin and Powell (7) showed that when hydroquinone 


crystallises in its B-quinol form, an open structure is 
formed, which contains cages large enough to accomodate 


guest molecules. The cages are formed by two groups Of six 
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Table 1.3 


Experimental Frequency Shifts?’ 2 of 


and NH. in Matrices© 


le 3 


(1) HN, 


Mode Vv, (NH str.) V5 (NNN aS.) V3 (NNN Ss tye) Vv, (NNN bend) 


v B385. 26 21404 1269.0 ihabsyesn is 
gas 
Matrix 
Ar ~12 - 2 - 5 - 6 
Kr -15 0 - 3 - 4 
Xe -37 - 8 ~ 6 - 7 
No -13 + 8 + 3 +15 
CO -41 - +15 +25 
CO. =-31 +26 +18 +35 
(i535) NH, 
Mode V3 (NH astray) V, (NH S2Str.) Vo (Ss. bend) 
Vv R443.) 350 2 950.0 
gas Son Ae A 
Matrix 
= = + 
No 4 4 20 


-l 
a)aebn «cm 
b) Frequency shift = v 


aera 
matrix gas 


c) Taken from reference 3. 
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oxygen atoms bonded together to form hexagonal rings, which 
constitute two opposite, parallel faces of the cage, while 
the remaining faces are formed by six benzene rings inclined 
at angles of 45° with respect to the plane of the hexagons (8). 
The free diameter of the cage, that is, after taking account 
of the van der Waals radii of the atoms of the cage, is 
about 4.2 A (Slee ech lide so) notedmthate the geometrnvaon chic 
cage is such that the force field within it is not precisely 
spherical and that the guest molecules SO, and CO. preferent- 
ially orient their long axes parallel to a line joining 
the centers of the hexagons. 

Davies and co-workers (9) studied the Raman spectra 
of the B-quinol clathrates of methyl fluoride, methyl 
chloride and methyl bromide, and their frequencies for the 
carbon-halogen stretching vibrations of the gneseee molecules 
are given in Table 1.4 together with the gas phase values. 
If the values for the largest percent occupancy are consid- 
ered first, it is seen that Av becomes progressively more 
positive as the size of the guest molecule increases. The 
carbon-halogen stretching vibration must experience a 
progressively tighter cage environment as the size of the 
guest molecule increases and so the observed trend for the 
Av values is consistent with a prediction based on the 
ideas of Pimentel and Charles (3). It should be remembered 
that the magnitudes of the Av values are inversely proport- 


ional to the force constant of the vibration, however, this 
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Tab feyeit.<4 


Carbon-Halogen Stretching Frequencies® 
of Methyl Fluoride, Methyl Chloride and 


Methyl Bromide in the Gas Phase and as 


Guest Molecules in 8-Quino1? 
Cc d 
Molecule Percent Av) Vv Av 
Guese gas 
Occupancy 

CHF 62 O22 1049 -27 
70 734 + 1 

CHCl Ts 
ILS: 137 + 4 
59 621 +11 
CH Br 28 623 610 +13 
18 626 +16 


=] 
Si) ONG chives ae 
b) Taken from reference 9. 
c) Values of the percentage of cages occupied. 


d) Av = Yguest a Ygas" 


does not affect the observed trend. 

Also it is seen that for a given guest molecule, the 
value of Av becomes more positive as the percentage of 
occuppeds Cages Cecreases PoDavieswet, ala o@argued®that, 
for the case of methyl bromide, the host lattice is undis- 
torted when only 18 percent of the cages are occupied and, 
consequently, the guest molecules experience tight cage 
environments, whereas when 59 percent of the cages are 
occupied, the resulting distortion of the: host lattice 
gives the guest molecule more freedom in the cage, which 
results in a more negative value of Av. 

Thus it appears that the loose cage - tight cage ideas 
of Pimentel and Charles (3) may be useful for rationalising 
the Av values of guest molecules in more complex host 
lattices than the low temperature matrices. 

1.3 Polymorphs of Ice and Clathrate Hydrates 
io. 1 StructuressandPVibratdons or ethepice Polymorpns 

Kamb (10) has reviewed the structures of the ice poly- 
morphs and several reviews of their vibrations are available 
(11 - 16), so no attempt will be made here to give a compre- 
hensive coverage of these subjects. Instead, sufficient 
background material will be presented to introduce the 
discussion of the vibrations of the host lattices of the 
clathrate hydrates of trimethylene oxide. 

At present there are eleven polymorphic phases of 


crystalbinerice known :(10, 17). The vcoxygen- atoms of the 
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water molecules in all of the ice polymorphs are four- 
coordinated and lie essentially on regular lattice sites, 
however the orientation of the water molecules, that is 

the positions of the hydrogen atoms, may be completely 
ordered, partially ordered or completely disordered. 
Completely disordered in this context is always qualified by: 
subject to very short range correlation between the positions 
of thevhydrogen atoms. ‘*Icés 11, VIII and IX are essentially 
completely ordered, ices V and VI' are partially ordered 

andes teces rah, ic All Vi, -Vil sana, @ probably ,. IV arescomp> 
tetely disordered (107-17). (Ice also exists in a vitreous 
phase in which neither the hydrogen nor the oxygen atoms 

are ordered and which, like all glasses, can be considered 
to resemble a liquid which has been supercooled to the 
point®of- rigidity.» Vitreous ice’ will not be’ considered 
further in this thesis. 

The infrared spectra of the ice polymorphs (see below) 
were recorded on samples held at about 100°K. The translat- 
ional vibrations of the water molecules will be considered 
first, since their absorption is the most completely under- 
stood. These vibrations occur in the region below 360 cm? in 
allvotethe phases ®studied (18"-—"920))) and) theyisotopic™ frequency 
shifts confirm that the observed absorptions are due to 
essentially pure translational vibrations. Whalley and 
Bertie (21) proposed that the absorption by the translational 


lattice vibrations consists of two components, the order- 
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allowed and the disorder-allowed absorptions. The order- 

2 
allowed absorption is a result of the corm(24) sv which is the 
square of the average over the crystal of the dipole moment der- 


ivatives with respect to diffraction-equivalent displacements 


of diffraction-equivalent sets of molecules. The disorder- 
Zz 


allowed absorption is a result of the term (2 ais which 

is derived from the difference between the actual value of 

the dipole moment derivative with respect to a displace- 

ment of a given molecule and the average value over the 

crystal for the equivalent displacements of the diffraction- 

equivalent set of molecules to which the molecule belongs (21). 
Q/ave 


ae the ordered phases, (24), is non-zero whereas 
(2) as vanishes. The selection rules based on the first term 
require that the value of the wave vector of the vibration 
be essentially zero, because of the law of conservation of 
momentum, so a small number of narrow bands is expected, as 
were seen in the far-infrared spectra of the ordered ices 
Peano (19). pertic etal were lable to lassign) the obser— 
ved bands to vibrations allowed under the symmetry of the 
Wnt Ce lin. (22). . 


Qjave 


2 
and found, to be essentially zero, whereas (2 )ais has a 


2 
For the disordered ice phases, (35) is expected, 


non-zero value (21). The absorption due to non-zero values 
2 

of (2 aie arises inherently from the disorder, or lack of 

symmetry, in the lattice, and hence there are no selection 


rules to limit the values of the wave vectors of 
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the vibrations which absorb radiation by this mechanism. 
Thus all of the vibrations are formally infrared active. 
Hence, the absorption by the disordered ice phases is expec- 
ted (21) to resemble the density of vibrational states curve 
(23) and, in fact, Bertie and Whalley (18) were able to 

show that the density of vibrational states curve deduced 
from the spectrum agreed rather well with that deduced from 
incoherent, inelastic neutron scattering studies (24 - 26). 


The absorption by the rotational vibrations, of the 


Ver 
water molecules extends between 400 and 1050 amino Lov H50 


phases and between 350 and 900 em7? £Oxr D540 phases, for all 


of the ice phases that have been studied (20, 27, 28). The 


Vp (4,0) and v_(D.0) bands of the disordered ices Ih and 


2 


Ic (27) are broad with only poorly defined features, where- 


R 


as the corresponding bands for the ordered ices II and IX 

(28, ice IX is referred to as ice III in the reference) 
exhibit sharp features superimposed on a broad absorption. 
These sharp features are broader and less intense in samples 
which contain a few percent of HDO molecules, and this led 
Bertie and Whalley (28) to argue that they are due to the 
unit-cell-group-allowed fundamental transitions, since the 
disorder introduced into the lattice by the HDO molecules is 
expected to relax the zero-wave-vector selection rule, there- 
by weakening and broadening the sharp, order-allowed features. 


The extreme breadth of the v. bands in the disordered 


R 


ice phases can be understood in general terms to arise from 
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the density of rotational vibrational states curve, since 
all of the vibrations are infrared active because of the 
disorder +(15) «\Nowmore deratteed understanding of these 
bands exists at present, but it is probable that other 
factors contribute to the breadth, since the Vp bands in 
ices II and IX are also exceedingly broad, with the above- 
mentioned sharp features superimposed on them, and broad 
absorption is not expected for the ordered phases. The 
breadth is presumably due to large anharmonic effects (28) 
and, if this is the case, a similar contribution from this 
source should exist for the disordered ices. 

Broad, featureless absorptions in the range 1600 to 
a 


20 phases and 1200 to 1250 cm ~~ for D50 


phases of all of the ices studied (20, 27, 28) are assigned 


1700 ame fore H 


tonthe H-O-H: or-D-O-—Dy) bending, vibration, Vor superimposed 


on the first overtone of the rotational vibrations, 2v 


Absorptions in the range 2150 to 2300 cm + for H5O phases 


R- 


andat600 to 1700 em? for D.0 phases are assigned to the 


second overtone of the rotational vibrations, 3v and the 


R’ 
2 + Yp- These bands are equally broad 


in the ordered and disordered ice phases, presumably due to 


combination band, v 


anharmonic effects in the ordered phases, and no further 
understanding of their origin is known. 

A discussion of the O-H and O-D stretching bands of the 
ice phases can be most usefully approached by first consid- 


ering the absorption by the stretching vibration involving 
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the isotopically dilute atom of an HDO molecule surrounded 
by either H,O Ox. Do0 molecules. The difference in frequency 
between this vibration and those of the surrounding water 
molecules is large enough to ensure that it does not inter- 
act dynamically with the vibrations of the surrounding 
water molecules. Therefore, the absorption by Voy (HPO) of 
HDO molecules surrounded by D50 molecules, or by Vop (HBO) 

of HDO molecules surrounded by H5O molecules, only reflects 
the static field effects (29). These absorptions (and 
vibrations) are Rani sy called the isolated O-H or O-D 
stretching bands (and vibrations), and are simply designated 
the Voy (HBO) Or Vop (HPO) bands (and vibrations). 

Bertie and Whalley (27) observed single, featureless 
bands with half-widths of 50 and 30 na for the Voy (HDO) 
and Vop (HDO) bands of ice Ih, respectively, whereas the 
corresponding bands of the ordered ices II and IX (28) 
showed several sharp features, each with a half-width of 
about 5 emis They (27) were able to interpret the multiplet 
absorption of the ordered ices in terms of the number of 
non-equivalent O-O bonds in these structures. The larger 
half-widths of the Voy (HPO) and Vop (HDO) bands of ice Ih, 
compared to those of ice II and IX, were explained by 
Bertie and Whalley in the following way. The disorder in 
the hydrogen atom positions in ice Ih requires the positions 
of the oxygen atoms to be slightly disordered, thereby 


producing a small range of O-O bond lengths for each set of 
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diffraction-equivalent bonds. This, in turn, produces a 
small range of absorption frequencies for the isolated 
O-H and O-D stretching vibrations of ice Ih, thereby pro- 
ducing broader bands than those seen for the ordered ices. 

It should be noted that the exact half-widths of the 
Voy (HDO) and vo) (HDO) bands of ice Ih appear to depend on 
the method used to prepare the infrared samples. When 
ice is mulled with isopentane (27) or liquid propane, 
propylene or Freon 13 (30), the half-widths are about 50 
and 30 ar. For infrared samples prepared by condensing 
water onto a plate held at 173°K, and cooling it to 100°K 
(31), Bertie et al reported that the Vox (HDO) band had a 
half-width of about 25 erie For samples prepared by 
freezing a capillary film of water, Ford and Falk (32) 
reported that the v,)(HDO) band had a half-width of 18 cm) 
ae. cal 35.G; 

The very broad bands exhibited by all of the H5O phases 
at about 3200 cm? and by all of the D,0 phases at about 
2400 ate are due to the O-H stretching vibration, Voy (#29) » 
and the O-D stretching vibration, Vop (229) + respectively 
(202 Bar2S).. ‘Barly«workers (2.9) 43.0 nto nas Sagned tne 
features observed on the Vox 42°) band of ice Ih to crystal 
vibrations derived from the symmetric, Vue and antisymmetric, 
V3" O-H stretching vibrations and the first overtone, 2V51 


of the bending vibration, of isolated water molecules. 


Bertie and Whalley (27) have pointed out that this assign- 
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ment is suspect. They argued that the intramolecular Vy 
vibrations couple in the crystal to produce a broad band 

of vibrational frequencies, and that the same occurs for 
the V3 vibrations. Further, since the crystal has no 
symmetry and the frequencies derived from Vi probably over- 
lap with those derived from V3r they argued that there is 
nothing to prevent Vr and V3 vibrations from coupling to 
produce mixed vibrations. Such a scheme is capable of 
producing a band with several features upon it, and five 
features were identified on the Vop £222) band (27) "of =irce 
Ih. Therefore, Bertie and Whalley argued that there is no 


need to invoke 2v., to explain one of the features, and that 


2 
the absorption should beattributed to a broad density of 
vibrational states curve multiplied by an intensity distrib- 
ution function, neither of which need be a smooth function 
of frequency. These same considerations apply to the 
stretching bands of the other disordered ice phases. 

The absorptions by Von (2°) and Vop (229) of the ordered 
forms of ice are just as broad as those by the disordered 
forms, although there is slightly more detail near the top 
of the bands. The breadth is presumably due to anharmonic 
effects (28), so it is possible that even a knowledge of 
the density of states curve of the disordered ices will not 
be sufficient to give a detailed understanding of the 
Voy (8°) and Vop (P29) bands. 


In summary it can be said that the absorption by the 
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translational vibrations of the ice polymorphs is well 
understood, in contrast to the much poorer understanding 
of the absorption by the other vibrations. 

1.3.2 Structures and Vibrations of the Clathrate Hydrate 
Polymorphs 

Clathrate hydrates are a class of solids in which a wide 
variety of small molecules occupy almost spherical holes 
in ice-like lattices formed by hydrogen-bonded water 
molecules (35). The majority of the clathrate hydrates 
studied up to the present time conform to one of two struct- 
ural types called structure I and structure II. 

The single crystal X-ray diffraction study by McMullan 
and Jeffrey (36) of the structure I hydrate of ethylene 
oxide at -25°C, provides the most detailed knowledge avail- 
able of the positions of the oxygen atoms in structure I 
hydrates. The oxygen atoms of structure II hydrates were 
Similarly defined by the X-ray diffraction study of a 
single crystal of the double hydrate of tetrahydrofuran and 
hydrogen sulphide at -20°C by Mak and McMullan (37). 

The four types of cages found in the structure I and 
structure II hydrates are shown in Fig. 1.2, as viewed along 
the axes of highest symmetry (38), and some geometric 
parameters associated with the unit cells and cages are 
listed ian Tablet 1.5) (39):: » Only the oxygen’ atoms’ are? shown 
Sno Figted <2) and! each) atom)is> bondedito four other.atoms, 


although the fourth bonds are directed outwards from the 
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Fig. 1.2. Cages of structure I (a, b) and ‘structure II (c, ad) 
clathrate hydrates viewed along the axes of highest symmetry. 
Literal identification of the sites follows the notation of 
The International Tables for X-ray Crystallography. 
Reproduced from reference 38. 
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Table 1.5 


Geometric Parameters of the Unit Cells 


and Cages of the Structure I and 


Structure II Clathrate Hydrates®’ 2 
Parameter Structure 1° Structure I1° 
° i) 
Space group, cell parameter Pm3n, 12.03 A NaSmy lies A 
Number of HO molecules 46 136 
Non-equivalent O sites (Key A ANS (ay) 5 e's) Sa}, s2te), 96 tg) 
Oxygen site symmetry 42m, 3m, m 43m, 3m, m 
Departure of O-0-O 
angle from tetrahedral: 
Average at O site Bo os ll A ae hed Meo OOF 2 Oe. 6° 
Average in structure RST) ; 320° 
° ° 
Average O-O length 2./93 A 2./90 A 
Large cages: 
Number, symmetry 6, 42m 8, 43m 
Oxygen sites 4(c)7- 82) 5 Sik) £4 (k) 4(e), 12g) 7. 12g) 
le} 
Distance to center (A) A525 4.475 1406, 4.645 4.729, 4.715, 4.635 
° ° 
Average cage radius 4.33 A 4.683 A 
Small cages: 
Number, symmetry 2, m3 16, 3m 
Oxygen sites SCI 2 i(k) 2a ole), b2tc) 
fe) 
Distance to center (A) 3.80378 5296 SAS) 2S A645 13h 0 56 
° ° 
Average cage radius 3.91 A 3. 90 Zen 


a) Taken from reference 39. 

b) The structure I parameters are for ethylene oxide hydrate at -25°C; 
the structure II parameters are for the tetrahydrofuran-hydrogen 
sulphide hydrate at -20°C. 

c) The symmetry symbols follow the notation of The International Tables 
for X-ray Crystallography. 
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cages and are not shown (49). The smaller cages in the two 
structures (Fig. 1.2, a and c) are essentially the same, 
with twelve five-sided faces; they are pentagonal dodecah- 
GCdravand,.1n the, literature on clathrate ‘hydrates, this’ is 
abbreviated to 12-hedra. The large structure I cage (Fig. 
1.2, b) consists of twelve pentagonal faces and two parallel 
hexagonal faces. It is a tetrakaidecahedron, which is 
usually abbreviated to 14-hedron. The 4 axis of the cage 
is defined by the line joining the centers of the two 
hexagons. The variation in the radius of this cage is 

14 percent (38), and it can be considered as an oblate 
spheroid with its shorter axis defined by the 4 axis of 

the cage. The large structure II cage has tetrahedral symm- 
etry (Fig. 1.2, d) and consists of twelve pentagonal faces 
and four hexagonal faces. It is a hexakaidecahedron, which 
is usually abbreviated to l16-hedron. The variation in the 
Ladlus Ot this cagesis only i2epercent .(38),=so LEaapprox-— 
imates a sphere. The free diameters, that is the diameters 
after allowing for the van der Waals radii of the water 
molecules; ware aboutad. 07705. 82and. 62:6 A for the 12-, 14- 
and 16-hedral cages respectively (39). 

The dielectric properties of the many structure I and 
structure II hydrates that have been studied (41) clearly 
indicate that the positions of the par eee ee a are 
disordered, as was found for the disordered polymorphs of 
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symmetry of the (a) sites of the oxygen atoms in the small 
structure II cages is clearly incompatible with the water 

molecules, whose maximum symmetry is Coy being ordered on 
these sites (38). 

Guest molecules may be accomodated by any of the four 
cages shown in Fig. 1.2. Essentially the only criteria for 
occupancy are that the guest molecule must be small enough 
to fit in the cage and must not react with water. In 
general, guest molecules with van der Waals diameters of 
= ae A or less form structure I hydrates, whereas those with 
van der Waals diameters of greater than 5.5 A form. structure 
II hydrates, although there are exceptions to these rules. 
Generally, the larger cages of the two structures are fully 
occupied, whereas the occupancy of the smaller cages is only 
appreciable if the van der Waals diameter of the guest 
molecule is about 5.2 A or less. For example, ethylene oxide 
has a largest van der Waals diameter of 5.2 A (42), and, 
Wndervequilibrium conditions ,~2t forms a Structure i hydrate 
with the 14-hedral cages fully occupied and about 20 to 
40 percent of the 12-hedral cages occupied (36, 43), whereas 
cyclopropane has a van der Waals diameter of 5.4 A (42) 
and forms a structure I hydrate with the large cages fully 
occupied and the small ones empty. Tetrahydrofuran has a 
largest van der Waals diameter of 5.9 A a2y-and’ it forms a 
structure II hydrate with the 16-hedral cages fully occupied, 


while the i2=-hedral cages may be empty (44, 45) or, in the 
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double hydrate (37) may be 46 percent occupied by hydrogen 
sulphide molecules. 

There have been very few studies of the infrared spectra 
of well characterised samples of clathrate hydrates. The 
far-infrared spectra of characterised samples of ethylene 
oxide hydrate (43), cyclopropane hydrate (46), hexamethyl- 
enetetramine hydrate (47) and tetrahydrofuran hydrate (44) 
have been reported, as have the mid-infrared spectra of 
ethylene oxide hydrate (48) and hexamethylenetetramine 
hydrate (49). The above studies of the vibrations of the 
clathrate hydrates will be briefly reviewed, with the 
exception of those of hexamethylenetetramine hydrate, which 
forms a quite different structure from those previously 
dicussed, and is not pertinent to the subject matter of this 
thesis. 

Bertie and Othen (43) have studied the far-infrared 
spectrum between 360 and 20 cm + of the structure I hydrate 
of ethylene oxide at 100°K. Continuous, broad absorption 
was observed, and that above 100 en was Similar to the 
absorption by ice Ih in the same region (18). From the 
isotopic frequency shift, this absorption was assigned to 
the translational vibrations of the water lattice, and the 
fact that only broad absorption was observed, confirmed 
the orientational disorder of the water molecules in this 
structure I hydrate. Theoretical considerations (21 and 


Section 1.3.1) indicate that the absorption may be the 
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superposition of nine sharp features, due to the transitions 
allowed under the factor group of the diffraction space 
group, on a broad absorption, resulting from the transitions 
activated by the disorder. Since no sharp features were 
seen, it was argued that the observed absorption was entire- 
ly disorder-allowed, and approximated the density of states 
curve multiplied by an intensity distribution function, which 
is approximately proportional to the square of the 

frequency (21, 43). 

Bertie and Othen (43) noted that Bieta appears to be an 
empirical correlation between the frequencies of strong 
absorption and the number, length and distribution of hydro- 
gen bonds for the orientationally disordered polymorphs 
of ice. They pointed out (43) that in eeheene oxide hydrate 
at 100°K; *52°percentvof ‘the hydrogen bonds -arer2275 A long, 
26 percent are 2.79 A long and the remainder are either 2.74 
Onm2 82 A long, compared to the single hydrogen bond length 
aymice  Lhvof apoutez. 75 A at 100°K. The far-infrared spect- 


rum of ice Ih contains a fairly sharp peak at 229.2 cm + 


(18), 
which can be related to the single type of hydrogen bond of 
Pengene2 275 me The strongest feature in the far-infrared 
spectrum of ethylene oxide hydrate is at 229.6 em 243), so 
this can be related to the 52 percent of the hydrogen bonds 
Oretength 2475 A in the hydrate. The hydrate absorbs more 


strongly to high frequency of the band maximum than ice, so 


Bertie and Othen (43) related this broadening to the 
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9 percent of the 2.74 A bonds in the structure. The 
frequency maxima in the far-infrared spectra of ices V (19) 
and VI (20) are at 200 and 187 cm? respectively, and Bertie 
and Othen (43) noted that they could be related to the 
weighted mean hydrogen bond lengths of 2.797 and 2.813 A 
in the two structures. Features are also observed at 185 
and 210 cm? in the spectrum of the hydrate and these were 
related to the 26 percent of 2.79 A bonds and the 13 per- 
Cent .ot 92.452 A bonds in the hydrate. 

The absorption by the intermolecular vibrations of the 


encaged ethylene oxide molecules was expected below 100 cmt, 


UES 


and a broad plateau was observed between 100 and 50 cm 
After the predicted absorption by the translational water 
vibrations was subtracted, a broad band remained, extending 


1 with its maximum at about 


to low frequency of about 100 cm 
50 cm... This band and, therefore, the plateau in the spect- 
rum, were tentatively assigned to the intermolecular vibrat- 
ions of the ethylene oxide molecules. 

Bertie et jal (46) shave studied the far-infrared spectrum 


; of thewstructuLre  ehvGdratresoLecyc Lo 


between 360 and 20 cm. 
propane at 100°K. The absorption below 100 oe decreased 
rapidly with decreasing frequency, in contrast to the 
plateau observed between 100 and 50 cm? for ethylene oxide 
hydrate. Thus the tentative assignment (43) of the plateau 
to the intermolecular vibrations of encaged ethylene oxide 


molecules was confirmed. The absorption above 100 cmt by 
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cyclopropane hydrate was almost identical to that by ethy- 

lene oxide hydrate (43), except that it was shifted to low 

frequency by about 2 percent. Bertie et al (46) attributed 
this shift to the longer lattice parameter and, therefore, 

hydrogen bonds in cyclopropane hydrate. 

The far-infrared spectrum between 70 and 7 cm + of the 
Structure II hydrate of tetrahydrofuran between 80 and 17°K has 
been obtained by Klug and Whalley (44). They eopserred two ab- 
sorptions with half-widths of about 15 ones centered at 25 and 


38 ene 


at 17°K, superimposed on broad absorption. They 
assigned these bands to the rotational oscillations of the 
encaged tetrahydrofuran molecule about the principal axis 
perpendicular to the plane of the molecule and about the 
axis in the plane of the molecule perpendicular to the 
dipolar axis, respectively; the eobee constants calculated 
for these oscillations were 450 and 600 ferg rad? respect- 
ively. From the integrated absorptivity of the two bands, 
they obtained a value of 1.63 Debyes for the dipole moment 
of tetrahydrofuran, which is close to the gas phase and 
solution values. They were able to calculate a contribution 
to the low frequency refractive index of 0.105 from the 
absorptivity, using the Kramers-Kronig relationship, and 
this agrees well with the 0.11 value calculated from 
dielectric measurements (50). 


Klug and Whalley (44) deduced from the temperature 


dependence of the absorption bands that the bands must 
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remain quite broad at 0°K, unless a major change in the 
temperature dependence occurs below 17°K. They argued that 
this means that the breadth at 17°K is mainly due to a vari- 
ation in the force constant from cage to cage. They stated 
that this variation in the force constant can arise from 
the following factors: tetrahydrofuran molecules occupy 
a number of non-equivalent potential minima in otherwise 
equivalent cages; the variation from cage to cage of the 
van der Waals, repulsive and electrostatic forces caused 
by the disorder in the orientations of the water molecules; 
the coupling of the vibrations of neighbouring tetrahydrof- 
uran molecules; and, finally, anharmonicity. They noted 
that the first and last effects are temperature dependent 
whereas the others are essentially temperature independent. 
Klug and Whalley (44) showed that the intermolecular 
coupling and electrostatic contributions to the breadth 
are extremely small for this hydrate. They had no direct 
evidence on whether the occupancy of non-equivalent potential 
minima contributes significantly to the breadth of the 
bands@at. 17 K but) if 1b, does, the breadthseshould be reduced 
by this amount at O0°K. They argued that anharmonicity 
cannot influence the breadth of the bands at 0°K, and that 
the van der Waals forces should be almost independent of the 
orientations of the water molecules, because they depend 
on the polarizabilities of the molecules and it is known (51) 


that the polarizability of a water molecule is almost 
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isotropic. Thus van der Waals forces were not expected to 
vary greatly from cage to cage or, consequently, to make 

a major contribution to the breadth. Klug and Whalley 
argued that the repulsive forces between the hydrogen atoms 
of the water molecules and those of tetrahydrofuran do 
depend on the orientational disorder of the water molecules, 
and therefore are probably the main source of the breadth 
of the bands. 

The breadth of the bands greatly increased as the 
temperature was raised, and Klug and Whalley suggested this 
could be due to the following effects: the limited life- 
time of the excited vibrational states due to transitions 
to lower states, and interaction with lattice vibrations; 
the limited life-time due to reorientation of the molecules; 
and the increasing occupancy of higher potential minima 
which would have different force constants. It can be noted 
that the first effect is what was previously referred to 
by these authors as anharmonicity. They showed that the 
contribution to the half-width from reorientation is 
negligible, even at 80°K, and concluded that the temperature 
dependent broadening is due to the other effects. 

Finally, no absorption by the pseudorotation vibration 
of the molecule, which is observed in gas phase spectra (52), 
were seen in the spectra of the clathrate hydrate (44). 

Klug and Whalley concluded that either the pseudorotation 


is quenched in the cage or that the bands are too weak to 
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be observed, because either they are intrinsically weak or 
they are broadened by interaction with the cage. 

The only mid-infrared study of well characterised 
samples of a clathrate hydrate which has one of the two 
common structural types is that, between 4000 and 360 cm, 
of the structure I hydrate of ethylene oxide at 100°K by 
Bertie and Othen (48). The absorption due to the water 
was extremely similar to the mid-infrared absorption by 
ice Ih (27). The general assignment and the discussion of 
the breadth of the bands given in Section 1.3.1 applies 
equally well to the spectrum of the hydrate, and need not 
be repeated. 

Bertie and Othen (48) interpreted the fact that the 


frequencies of maximum absorption in the vy (H,0) and 


OH 
Vop (P29) bands of the hydrate are the same as those of ice 
Beat =l00%K (2:/) Cas@indieating ‘that vthis frequency inthe 
hydrate is determined by the absorption by the 52 percent 
of the bonds which are 2.75 A long. The features at the 
top of the hydrate bands are broader than those on the ice 
bands, and they attributed this to the influence of the 
other bonds in the hydrate. 

Bertie and Othen (48) noted that the featureless breadth 
of the Voy (HDO) and Vop (HPO) bands, which have half-widths 
ofPabout’ 125) and *80 em? respectively, provided further 


evidence of the orientational disorder of the water molecules 


in the clathrate structure. They (48) presented a plot of 
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the frequencies of the Vop (HDO) bands of ices nasty Go Moll 

V, VI, and IX and ethylene oxide hydrate against the O-O dist- 
ances in the ordered phases and against the weighted mean O-O 
distances in the disordered phases. The data. were found 

to fit two straight lines of slopes 510 and 910 emiasas 

for the ordered and disordered phases, respectively; how- 
ever one point for the ordered ice phase,,.IX, fell. on the 
line for the disordered phases. The point for ethylene 
oxide hydrate fell close to the line for the disordered 

ice phases. Bertie and Othen (48) argued that, since only 

a single band was seen for each disordered phase, the 
half-widths of the Vop (HDO) bands should reflect the range 
of crystallographically non-equivalent bond lengths in these 
phases. They were able to obtain an approximate correlation 
between the half-widths and the weighted mean deviations 
from the weighted mean of the hydrogen bond lengths in the 
disordered phases. 

The absorption by the encaged ethylene oxide molecules 
was, in general, readily assigned by comparison with the 
absorptions of gaseous and liquid ethylene oxide. Bertie 
and Othen (48) noted that the strongest ethylene oxide 


am in the spectrum of the deuterate 


absorption, at 870 cm. 
is reduced to an inflection point on the Vp (HO) bangein 
the spectrum of the hydrate. They attributed this effect 


to transition dipole-transition dipole coupling between 


the guest and host vibrations. The most notable feature of 
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the ethylene oxide absorptions was the fact that the 
absorption due to the ring breathing mode is split into a 
doublet separated by 2 em >, Bertie and Othen remarked 
that the possible causes of this effect are intermolecular 
coupling between neighbouring ethylene oxide molecules, 
the presence of two preferred orientations for the guest 
molecule in the 14-hedral cages, and a difference in 
frequency of the ring breathing mode of an ethylene oxide 
molecule in the 12- and 14-hedral cages. They concluded 
that the most likely reason for the splitting is the 
presence of two preferred orientations of the ethylene 


oxide molecule in the 14-hedral cages. 


inom ueiySicals Propertiessof thei Clathrate ‘Hydrates of 
Trimethylene Oxide 


Rosso and Carbonnel (53) derived the phase diagram for 
the trimethylene oxide-water system by thermal analysis, 
admit is (Shown ingrig. @.3..9 Thestour solid phases are 
ice Ih, solid trimethylene oxide, the structure I hydrate 
of trimethylene oxide (hereafter called TMO hydrate I) 
and the structure II hydrate of trimethylene oxide 
(hereafter called TMO hydrate II). All of the parameters 
of the phase diagram are listed in Table 1.6. The liquidus 
and solidus associated with the metastable eutectic, Ej: 
are indicated as dashed lines in Fig. 1.3, and the associated 
solid phases, which are not shown in Fig. 1.3, are TMO 


hydrate II and solid TMO. 
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Fig. 1.3. Phase diagram of the trimethylene oxide-water 
system. The solid phases associated with the metastable 
eutectic (dashed lines) are TMO hydrate II and solid TMO 


(not shown). 
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The phase diagram is most efficiently described by con- 
sidering the cooling of a solution of trimethylene oxide 
in water, for example a solution with the structure I comp- 
osition of TMO.7.63 H5O. At about -10°C, the liquidus TjT> 
(Fig. 1.3) is encountered, which results in the formation 
of some TMO. hydrate II and a corresponding increase in the 
concentration of trimethylene oxide in the liquid. Further 
cooling results in more encounters with the TT. liquidus 
and the formation of more TMO hydrate II. When the 
peritectic point T.5 is reached, there is an equilibrium 
between an aqueous solution of composition 53.8 weight 
percent of trimethylene oxide, TMO hydrate II and TMO 
hydrate I. Further cooling down the liquidus T5E, results 
in’ the formation of TMO hydrate I. Ati the eutectic point, 
Eo: there is an equilibrium between an aqueous solution of 
composition 93.1 weight percent of trimethylene oxide, 
TMO hydrate I and solid trimethylene oxide. Thus the 
completely solidified mixture below -101°C contains TMO 
hydrate II, TMO hydrate I and solid trimethylene oxide. 
Powder X-ray diffraction photographs confirmed that 
the two hydrates have the well known structures I and II, 
and gave the cubic unit cell parameter as 12.02 +0.05 A 
at = 830°Crandid2.15. 0 «02 A at -30°C for TMO hydrate I (54), 
and «177. 0959rt.0 «006 A ata 8? CUforseiMOmhydwate: Lin4(55)0: 


Rosso and Carbonnel (53) reported the composition of 


TMO hydrate I to be TMO.6.5 HO or 7.1 TMO.46 HO. This 
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corresponds to full occupancy of the large cages and 55 
percent occupancy of the small cages. Davidson etal (45, 54) 
concluded that the composition is TMO.7.63 H,0 or 
6 TMO.46 H,0, which corresponds to full occupancy of the 
large cages and zero occupancy of the small cages. The 
largest van der Waals diameter of trimethylene oxide is 
6.2 A, sO it is too large to fit in the small cage (Section 
1.3.2) and therefore, following Davidson, TMO.7.63 H50 
is believed to be correct and is used in the phase diagram 
(Fig. 1.3) and elsewhere in this thesis. Rosso and Carbonnel 
(53) reported the composition of TMO hydrate II to be 
MOL, HO, which corresponds to full occupancy of the large 
cages and zero occupancy of the small cages; it was assumed 
that this value is correct. The results of all of the prep- 
arations of TMO hydrate I and II in this work (Chapter 2) 
Supported the adopted compositions for the two hydrates. 
It should be noted that trimethylene oxide and cyclopropane 
are the only molecules known to form hydrates of both struct- 
ures. They are among the largest molecules that form 
structure I hydrates and the smallest that form structure 
II hydrates. 

Davidson et al have studied the dielectric relaxation 
of the water molecules of TMO hydrate I (45) between 118 
and 248°K and of TMO hydrate II (56) between 4 and 250°kK, 
It was found that the water molecules of TMO hydrate I relax 


about twenty times faster than those of TMO hydrate II at 
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about 170°K. The values for the Arrhenius activation energ- 
ies are 5.8 and 7.0 kcal mole? for TMO hydrate I and 
TO hydrate II respectively. 

Davidson et al have studied the dielectric relaxation 
of the guest molecules of TMO hydrate I (54) and TMO 
hydrate If (56) between 1.8 and 200°K. . Of particular 
interest, is the behaviour of the limiting low and high 
frequency permittivities associated with the dispersion due 
to the reorientation of the guest molecule, EQ? and aD) 
respectively. At temperatures such that the measuring 
frequency is far below the frequency of reorientation, EQ2 
is measured and usually increases slightly with decreasing 
temperature (56). As the reorientation frequency passes 
through the measuring frequency with decreasing temperature, 
the measured permittivity drops to EQ! which then remains 
essentially constant as the temperature is decreased further. 
This behaviour was found by Davidson etal (50 tore MO 
hydrate II. For TMO hydrate I, however, Davidson Sia l. 
(54) found that EQ? decreased sharply from about 13 to 5 
between about 150 and 80°K, even though the reorientation 
frequency was well above the measuring frequency at these 
temperatures. A. further decrease in the permittivity, as 
the reorientation frequency passed through the measuring 
frequency was observed at lower temperatures. Davidson etal 


(54) attributed the decrease in E92 between 150 and 80°K 


to a transition involving the parallel ordering of the 


42 


dipoles of nearest neighbour trimethylene oxide molecules. 
Davidson et al (54) also studied the reorientation of 

Si guest molecules directly, at temperatures below 80°K, 

by measuring the frequency of maximum dielectric absorption 


(or loss) at various temperatures. They found the Arrhenius 


activation energies for the reorientation of the 
trimethylene oxide dipoles to be 2.1 and 0.41 kcal mole + 
for TMO hydrate I below the ordering transition (54) and 
aIMOenydrate IL (56) respectively. Thus it is clear that 
a trimethylene oxide molecule experiences much more freedom 
in the 16-hedral structure II cages than in the 14-hedral 
structure I cages. This is also indicated by the temper- 
atures at which the guest molecule reorientation rate is 
MeKZ which were. found (54°56) tobe w5o.l..5 ana 12. 1¢Ks for 
TMO hydrate I and TMO hydrate II respectively. 

Davidson et al (54) also noted that for samples of 
TMO hydrate I which had been quenched through the transition 
region by immersion in liquid nitrogen, the amplitudes of 
the dispersion (E99 - £9) and loss decreased with time to 
an equilibrium value, whereas samples cooled slowly through 
the transition region yielded values which did not greatly 
exceed the equilibrium values. This is the only example of 
time dependent behaviour found in a clathrate hydrate (54). 

Davidson et al (54) also measured the proton magnetic 
resonance absorption by the trimethylene oxide molecules of 


TMO deuterate I as a function of temperature between 250 
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and 1.8°K. Their plot of the proton second moment against 
temperature shows a rise from 0.31 Gauss” at 243°K to the 
rigid Jattice value of 13.4 Gauss at 5°K, with a plateau 
region between 95 and 70°K. This is in contrast to a 
Similar plot for TMO deuterate II (57, 58) which shows the 
normal temperature dependence, which is a rise from a low 
value to a high value with decreasing temperature, with no 
plateau region (57). Thus the plateau region of the struc- 
ture I plot is clearly associated with the transition 
deduced from the permittivity measurements. 

Davidson et al (54) suggested that, during the ordering 
transition, the guest dipoles align along the 4 axis of the 
i4—hedralycages, (Section 1.3.2), and that this is potentially 
possible as long as the guest-water interactions favour, 

Ox at least permit, it. They (54) performed a calculation 
of the van der Waals and repulsive interactions between the 
water molecules af the 14-hedral cage and the trimethylene 
oxide molecule using the Lennard-Jones 6-12 potential, and 
concluded that the most stable configurations are those 
with the dipolar axis of the trimethylene oxide molecule 
collinear with the 4 axis of the cage, together with the 
displacement of the trimethylene oxide molecule from the 
center of the cage such that its oxygen atom approaches the 
center of the hexagonal ring (Fig. 1.2). They found that 
the potential energy varied as the molecule rotated about 


the 4 axis of the cage, passing through 6 minima during a 
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360° rotation. The minima occurred when the plane of the 
trimethylene oxide ring nearly coincided with the planes 
through the cage center which contain pairs of opposite 
Water molecules of the hexagonal ring (Fig. 152). The 
barriers to rotation between the six potential minima were 
calculated to be less than 1 kcal notes and the energy 

of the different minima were the same to within 0.05 kcal 
mole™?, Davidson et al (54) calculated that the displace~ 
ment of the trimethylene oxide molecule placed the guest 
dipole, treated as a point dipole, about 1.2 A from the cage 
center. They (54) calculated the interaction energy 
between this dipole and the average, dipolar, electrostatic 
field of the water molecules to be about 1 kcal mole~+ 
higher at this position than at the cage center, and con- 
cluded that there is a statistical tendency for the 

dipolar fields to counteract the displacement favoured by 
the van der Waals interactions. 

Davidson et al (54) pointed out that the interactions 
between the guest dipoles favour parallel ordering of 
nearest neighbour guest dipoles. Further, the most stable 
configuration of the lattice is that in which nevghbouring 
guest dipoles point in the same sense along chains extending 
in the x, y and z directions, with the sense alternating 
between adjacent chains. They (54) calculated an energy 
Off 0.5/2) kcal mole - for this completely ordered state 


with respect to the state with random orientations, which 
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they stated corresponds to an ordering transition temperature 
Of about S60~K.) They concluded that: it is not surprising 
that the perturbing effects of the fields of the water 
molecules cause the-temperature of the transition to be 
lowered to about 105°K. They were, thus, able to provide 
some justification for their interpretation of the experi- 
mental results, but their calculations were based on simple 
models and are clearly approximate. 
There are no other published data on the hydrates of 

trimethylene oxide. 
1.4 Vibrations of Trimethylene Oxide 

The trimethylene oxide molecule is shown in Fig. 1.4. 
It contains ten atoms and therefore has 24 fundamental 
intramolecular vibrations. It can be considered to belong 
to the point group Cy. (see below), so its normal vibrations 
form a basis to the representation: 


8A, + 4A. + 6B 


1 2 1 + 6B. : 


lv By and Bo vibrations are infrared active and 


all of the vibrations are Raman active. The representations 


The A 


formed by the internal coordinates are shown in Table 1.7. 
mies ring Vibrations canbe defined in ‘terms of five in-plane 
internal coordinates and one out-of-plane internal co- 
ordinate. 


The B. ring vibration, Vo4r which is usually called 


2 


the ring puckering vibration, has been studied extensively 


by far-infrared (59 - 64), Raman (63, 65, 66) 
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Fig. 1.4. Molecular structure of trimethylene oxide. The 
plane zx defines the plane of the ring. The hydrogen atoms 
bonded to each carbon atom, which should be eclipsed, have 
been offset for clarity. 
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Table 1.7 


Representations formed by the 


Internal Coordinates of Trimethylene 


Oxide under the Point Group Coy 


C-H stretch 
CH, deformation 
CH, wag 


CH. twist 


CH, rock 


Ring vibration 


1 2 
2a, 
on 
IPs 
BD 
3A, 
BA, + 4A 


2B 


6B 


2B 
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and microwave (67 - 69) spectroscopy. Since this work is 
not directly related to the subject matter of this thesis, 
only a brief summary of the results will be given. The 
potential function governing the ring puckering vibration 
of trimethylene oxide contains a barrier at the planar con- 


PVouration OF #15-1 cm? 


(63). The ground state vibrational 
energy level) lies: 12.2 em7? above the top of the barrier 
(63), and thus trimethylene oxide can be considered to be 
eienass and its point group is Cou 
The mid-infrared and Raman spectra of the various phases 
of trimethylene oxide have been studied by a number of 
workers (70 - 80). Only certain of the more recent studies 
(74, 76, 78 - 80) will be considered, since the work in 
references 75 and 77 has been repeated in references 78 — 80 
and the larger volume of information and the higher resolut- 
ion available to Wieser et al (78 - 80) make their results 
more reliable. The results are summarised in Table 1s. Sig 
together with what is considered the best assignment of 
the infrared spectra of gaseous, liquid and solid trimethy- 
lene oxide. The axis system (Fig. 1.4) adopted in this work 
and in references 74 and 76 results in in-plane vibrations 
of By Symmetry and out-of-plane vibrations of B, symmetry; 
however that adopted in references 78 to 80 interchanges 
the x and y axes (Fig. 1.4) and results in in-plane vibrat- 


ions of B, symmetry and out-of-plane vibrations of By 


Symmetry. The numbering and symmetry of the modes referred 
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to in references 78 to 80 have been changed in accordance 

with the axis system adopted in this work (Rigist)4 eaetror 
convenience the correspondence between the two systems is 

Shown in Table 1.8. 

Lafferty (74) and Wieser and co-workers (78 - 80) have 
studied the mid-infrared spectrum of gaseous trimethylene 
oxide. Wieser et al (78 - 80) have obtained the C-H 
stretching and CH. deformation regions of the spectrum of 
normal (n):>, a-d., B-d. and a, a'-d, trimethylene oxide and 
they were able to assign the fundamental vibrations as well 
as the progressions of the combination bands with the ring 
puckering mode. Lafferty (74) also studied these regions, 
however, the larger volume of data available to Wieser 
et al (78 - 80) and their far more complete analysis of this 
data, makes their assignment more reliable, so only their 
results will be discussed. 

The moments of inertia of n-trimethylene oxide are 
such that the infrared vibration-rotation bands for the 
Ale Bi and Bo Vibrations iarenofmtypes? 1¢8i)arA 2-Bi tandnc 
respectively (74). A C-type band was observed (80) near 
SRS ee a the infrared spectra of n, a-d, and a, a'-dy 
trimethylene oxide, whereas it was not observed in the 


spectrum of §-d., trimethylene oxide. This band was thus 


2 
assigned to the B-CH. antisymmetric stretch, Vi 9 (B5)- 
The B-CH., Symmetric stretch, V, (Ay), was not observed in the 


infrared spectrum, however a sharp, intense, polarized line 
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De 
in the Raman spectrum (80) of the gas at 2979.0 cm™? was 
assigned to this vibration. Wieser etral (360) gnoced £hat 
the frequency of this mode appears to have been raised 
Slightly by a Fermi resonance interaction with the first 
overtone of the B-CH. deformation mode, V4 (A,) atwr1452 Cees 
The prominent C-type band at 2957.3 are was assigned to the 
a-CH. antisymmetric stretch, V5q (Bo). Since it was not 
observed in the spectrum of a, a'-d, trimethylene oxide. 
This band is shifted to high frequency by Fermi resonance 
between the N00 1 level of Vo (Bo) and the combination 
level Rates a LCV is 1 involving the a-CH. symmetric stretch 
Vo (Ay) and the ring puckering mode Vo4 (Bo) (i557 (80), sine 
combination band was assigned at 2929.2 ones An estimate 
Of 2990.3 ome was made of the frequency of the Voq (Bo) fund= 
amental unperturbed by Fermi resonance, since a distinct C-type 
band was observed at this frequency and assigned to the 
hot transitions V5Q (Bo) + NV», (Bo) = NV5, (Bo) Walt himiiean ts 
A corresponding band was observed at this frequency in the 
Raman spectrum of the gas under perpendicular polarization. 

The a-CH. symmetric stretch, V5(Aj), was unambiguously 
assigned to the A-type band at 2893.9 cm? by virtue of the 
intense, polarized Raman band at 2894.7 cm? and its 
pronounced infrared sequence based on the ring puckering 
mode. The a-CH. symmetric stretch, V13 (3), was assigned 
to the Q gap of the B-type band at 2887.1 cm +, The 


remaining C-H stretching vibration, Vg (Ay), the a-CH. anti- 


7 
7s ~ >| > ; P .. ae | 
. 8 ? * 4 vet opie Fy b ij 26 Qe Bite Ad 
: : : 7 r - 


4 Tae 
ad > 
7 7 
Sd i 
Lc ay “we lava= ra 
« < - - 
> es 7 
\ —. ; 
ity eye %. pe 
- 7 : 
} bat #4 Ras 
t Doser 
y e Wry as r, 
f ’ e 4 
- , t 
9 > 
L% 
e - 
-” ta 4 : ~ , 
oa 
sits Sasi teks 
4 Sing 
2 aie | 
= t 
’ SIRIGLV ops 
_ 


a3 


symmetric stretch has an infrared inactive fundamental 
but the combination transitions Vg + (n, £ 1)vo5, — NV5, 
are infrared active. The frequency of the fundamental was 
estimated to be about 2940 cm + from the series of comb- 
ination bands observed in the spectrum of B-d. trimethylene 
oxide (80). 

The infrared and Raman spectra of gaseous n, a-d., 
B-d. LINC ey a'-d, trimethylene oxide in the CH, deformation 
region have been studied by Wieser Shay CHRRAAS AWA SF abate 
a-CH. deformation, V3(A)), was not observed in the infrared 
spectrum (78) of n-trimethylene oxide, however a distinct 
Raman band was observed at 1505.0 cm + (79) and assigned 
EO.ChiS vibration. The second a-CH. deformation, Viq (By). 
was not observed in the infrared or Raman spectra (78, 79), 
however it was tentatively assigned to a band gap at 1479 cm + 
in the infrared spectrum of B-d, trimethylene oxide (78), 
and in a later paper (80) it was assigned near 1480 cm? 
in n-trimethylene oxide on the basis of unpublished results. 
The B-CH, deformation, Vy(Aj), was assigned to a band at 
1452.0 cm + in the infrared spectrum, by an examination of 
its infrared active combination bands with the ring pucker- 
ing mode. 

The remaining discussion of the assignment of the 
infrared spectrum of gaseous trimethylene oxide is based 


upon the unpublished study by Lafferty (74). Lafferty 


obtained the infrared spectra of gaseous and liquid 
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n- and d¢-trimethylene oxide, and with the aid of the 
unpublished Raman spectrum of the liquid obtained by Rea 
(74), he assigned the infrared spectrum of the gas. 
Lafferty's analysis of the complicated infrared spectrum 
of the gas was far less detailed than that of Wieser etral, 
so, in general, the assigned frequencies for the gas net 
be considered less certain. Use will also be made of the 
infrared and Raman spectra of the liquid (presumably at 
room temperature) and the solid (10°K for infrared, 85°K 
for Raman) published by Le Brumant (76). 

' The a-CH. wag, Ve(A,), was confidently assigned by 
Lafferty to the A-type band at 1343 cmt, which corresponds 
to a polarized (73) band in the Raman spectrum of the 
1 


liquid at 1339 cm. No absorption due to the other a-CH 


2 
wag, Vy5 (By). was observed in the infrared spectrum of the 
1 


gas, however, a weak Raman band occurred at 1285 cm ; 
which Lafferty assigned to this vibration. Le Brumant (76) 
observed a medium intensity band at 1353 cmt in the infra- 
red spectrum of solid trimethylene oxide at 10°K, which he 
assigned to V5 (By) andsai band,atel 288). 2 cmt which he 


assigned to the a-CH., twist, Vig (Ao) > The correct assign- 


Z 


ment is unclear, so the most recent one (76) has been used. 
The B-CH. wag, Vig (By): was assigned to the strong B-type 


aig A 


band in the infrared spectrum of the gas at 1230 cm 
The only CH, twisting vibration which is formally 


active in the infrared spectrum is the a-CH. twist, V5 1 (Bo) - 


7 v 
iW ic: é cane 


a 
x 7 


72 Spree 


“— sp" 


fai 
T 


, 


L 


f 
eS » 


7] - is wi 
7 
: Ma 
va Pt iS. Wir. 
c Bes i 
ry 
? 
1» NBR: 
4: 
y me AL ’ ont 
~ 7 


la | uP ee aw 


=}e, 


This was assigned (74) to the C-type band at 1136 cm, 
which corresponds to a band in the Raman spectrum of the 
liquid at the same frequency. The B-CH. twist, V11 'A2) 
was assigned to a band at 1194.2 cm” + in the infrared 
Spectrum of the solid (76) and to bands at 1184 and 1195 
cm + in the Raman spectra of the liquid and the solid, 
respectively (76). 

Lafferty (74) assigned the sharp Q branch at 839 cm? 
in the infrared spectrum of the gas to the a~CH rock, 
Vo> (Bo). The corresponding band was observed at 825 cm 7+ 
in the Raman spectrum of the liquid (74). The assignment 
of the B-CH. rock, V53(Bo), LSeUncermtain. wbaktercy (74) 
asSigned this vibration to a band at 784 cm + in the 
infrared spectrum of the gas, however, only very weak bands 
were found in this region of the infrared and Raman spectra 
Ore cnerliduid (74,976) rand, solid .(76)~, Le Braumant .(76) 
assigned a medium intensity band at 730.8 cm > in the 
infrared spectrum of the solid to this mode. It is surpris- 
ing that the frequency of this mode differs by about 50 
cm? between the two phases, and so the correct assignment 
is unclear. The a-CH. rock. V9 (Ay) + was assigned (76) to 
ee bDand: atro02/.6 cm + in the infrared spectrum of the solid. 

Lafferty (74) assigned the strong, polarized band at 
1028 cm > in the Raman spectrum of the liquid to the ring 


breathing mode, V6 (A,)- The Q branch of this mode was 


obscured in the infrared spectrum of the gas by the strong 
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absorption at about 1000 aan although a poorly defined 


shoulder was seen at about 1030 cm™* and assigned to V6 (Ay) 
(74). Thus the exact frequency of this mode in the 
infrared spectrum of the gas is uncertain. 

The ring deformation modes, V7 (A) and V47 (By). are 
both expected to contribute to the very intense absorption 
centered at about 1000 cm + in the infrared spectrum of the 
gas. However the complicated structure on the top of 
this band makes a precise assignment difficult. Lafferty 
assigned the strong peak at 1008 cm + to Vo (A)) and the 
Q gap at 999 cm? to V17 (By). The exact frequencies of 
these vibrations in the gas must be considered as uncertain. 
The ring deformation Vig (By) was assigned to the distorted 


Q gap at 940 cm + 


in the infrared spectrum of the gas. The 
exact frequency of this mode is probably slightly uncertain. 
There is no uncertainty associated with the frequency of 
the ring deformation VglAj), which was assigned to the 


A-type band at 908 cmt 


in the infrared spectrum of the 

gas (74). The remaining ring deformation is the ring 

puckering mode, Voq (Bo). which was assigned (63) to the 

pandeat 53:5 em? in the far-infrared spectrum of the gas. 
The frequencies quoted by Lafferty (74) for the 

features in the infrared spectrum of the gas agree to with- 


ean at cm + with unpublished results obtained in this 


laboratory. 
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Ls sO TeCtives OL this Study 


The objéctives of this study can be divided into those 
involving the vibrations of the water molecules and those 
involving the vibrations of the trimethylene oxide molecules. 
A. Vibrations of the Water Molecules. 

(1) To further investigate the behaviour of water 
molecules in solids formed from hydrogen-bonded water. 

The mid-infrared absorption by the disordered water 
molecules of the structure I hydrate of ethylene oxide 
and the disordered phases of ice was known when this work 
was started (Section 1.3), so one objective was to compare 
it with the mid-infrared absorption by the disordered 
water molecules of the hydrates of trimethylene oxide to 
see to what extent the absorption depends on the structure. 
In particular, a comparison of the absorption by the water 
molecules of the structure I hydrates of trimethylene oxide 
and ethylene oxide was expected to indicate the effect that 
the size of the guest molecule has on the water vibrations, 
Since the dipole moment of trimethylene oxide is approxi- 
mately equal to that of ethylene oxide, whereas its 
van der Waals diameter is considerably larger than that of 
ethylene oxide. Further, the mid-infrared absorption by 
the water molecules of a structure II hydrate had not been 
previously investigated, so it was of interest to obtain 
this THeOrMaLLoOn fOr the structure i hydrate of trimethy- 


lene oxide and compare it to that of the structure I hydrates. 
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It was also thought that a comparison of the water 
absorption by the structure I and structure II hydrates of 
trimethylene oxide might provide evidence of the differences 
between the interactions of the guest and water molecules 
for the 14- and 16-hedral cages. 

(ii) To investigate the temperature dependence of the 
water absorption of a clathrate hydrate. 

It is certain that hot bands contribute to the water 
absorption bands of the clathrate hydrates and the ice poly- 
morphs at 100°K, so a study of the temperature dependence 
of these bands was expected to provide evidence of the 
extent of this contribution. Evidence was also sought on 
whether the order-disorder transition proposed by Davidson 
(54) has any detectable effect on the water lattice. 

B. Vibrations of the Trimethylene Oxide Molecules 

(i) To record the vibrational frequencies of the guest 
‘molecules of the structure I and II hydrates of trimethy- 
lene oxide. 

It was thought that a comparison of the vibrational 
frequencies of trimethylene oxide molecules trapped in 14- 
and 16-hedral cages might provide information about the 
guest-host interactions in the two cages. Further inform- 
ation on guest-host interactions was sought from a comp- 
arison of the vibrational frequency shifts, relative to the 
gas phase values, of trimethylene oxide and ethylene oxide 


molecules trapped in the 14-hedral cages. 
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(ii) To seek further evidence on the proposed prefer- 
ential orientation of guest molecules in the 14-hedral cages. 
Davidson (54) has suggested that the trimethylene 
oxide molecules are preferentially oriented in the 14-hedral 
cages of the structure I hydrate, and Bertie and Othen (48) 

have suggested that preferential orientation of the 
ethylene oxide molecules in the 14-hedral cages of ethylene 
oxide hydrate may account for the doublet observed for the 
ring breathing mode in the mid-infrared Spectrum ernus 

it was of interest to see whether evidence of preferred 
orientations could be obtained from the mid-infrared spect= 
Frum of the structure I hydrate of trimethylene oxide. 

(iii) To record the temperature dependence of the 
guest absorption of a clathrate hydrate. 

Generally, the temperature dependence of the guest 
absorption of a clathrate hydrate should provide evidence 
concerning the anharmonic contributions to the bands, the 
effect of changes in the reorientation rate of the guest 
molecules, and effects due to the temperature dependence 
of the guest-host interactions. It was of particular 
interest in the case of the structure I hydrate of trimeth- 
ylene oxide, since Davidson (54) had obtained evidence that 
the guest dipoles align in a parallel fashion along the 
4 axes of the 14-hedral cages when the hydrate is cooled 
below 105°K, so further evidence of this transition was 


sought from the vibrational spectrum. 
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Chapter Two. Experimental Techniques 


2.1 Chemicals 
Reagent grade trimethylene oxide was initially obtained 
from K & K Laboratories , and later from the Aldrich Chemical 
Company. Gas-liquid chromatography, using a 20' x 4mm, 1032 
DEGS on chromasorb w column, and 5 n.om.r. spectroscopy 
were used to determine the DUETLYsOL theck sk sample, The 
chromatograms Sree the presence of two impurities, both more 
volatile than trimethylene oxide, amounting to a total of 
0.2%. No impurities were detected in the Ls nem.r, spectrum. 
A 10 m1 sample of the K & K product was separated into three 
fractions by evaporatian on a vacuum. line. An infrared 
spectrum of a mull, in liquid propane (Section 2.4), ofa 
solidified portion of the least volatile fraction was 
compared to the infrared spectrum of a mull of theusolidi fied 
commercial product, and no differences were observed. Thus 
the commercial K & K product was used without further pur- 
ification. The infrared spectrum of a mull, in liquid propane, 
of the solidified Aldrich sample, however, contained two 
weak bands, at 703 cm + and 985 cmt, not present in the 
Spectrum of the K & K sample. Fractional distillation of 
the material failed to remove these bands from its spectrum, 
and therefore the use of the Aldrich product was discontinued. . 
The water used in the hydrate preparations was obtained 
from the distilled water supply in the laboratory. For 


deuterate preparations, deuterium oxide supplied by Columbia 
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Organic Chemicals was used. This was Shown to have an 
TSOEOpi Ci purity) Of= 994.7. 20.12 by comparison of the area of 
its p.m.r. peak with a series of areas obtained from deuterium 
oxide samples of known hydrogen concentration. 

The ‘infrared quality' cesium iodide and potassium brom- 
ide, for making pellets, was used as Supplied by The Harshaw 
Chemical Company. 

2.2 Hydrate Preparation 

Inspection of the phase diagram for the trimethylene 
Oxide - water system, shown in Fig. 1.3, reveals the existence 
of two different structural types of clathrate hydrate, 
namely TMO hydrate I and TMO hydrate II. It is not possible 
to make pure samples of either of these hydrates by simply 
making a solution of the appropriate composition and cooling 
it slowly, due to the two Peratectic points, T, and T5- For 
instance, in the case of TMO hydrate I, slowly lowering the 
temperature of a solution of molar composition 6 C3H_O. 46 H50 
would initially cause the precipitation Of sTMO hydrate. rT, 
followed by TMO hydrate I. Similarly, in the case of TMO 
hydrate II, the first solid to precipitate would be ice. 

The preparation of TMO hydrate I was attempted by 
four different methods: 

(1) A 60 weight percent solution of trimethylene oxide in 
water was made in a glass vessel, and degassed on a vacuum 
line. It was cooled to -78°C in a solid carbon dioxide- 

methanol bath, and subsequently held at -35°C for four days 


in a Neslab LT-9 low temperature bath. The glass cell was 
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then suspended near the top of an uninsulated metal can 
containing boiling liquid nitrogen. After Opening the cell in 
the dry nitrogen atmosphere within the can, the solution was 
poured through a #100 sieve. The solid was transferred from 
the sieve to a pre-cooled stainless steel mortar resting on 

a platform inside the can. A pre-cooled stainless steel 
pestle was used to grind the sample to a fine powder. This 
sample was then transferred to a cold, screw-top, glass vial 
which was placed inside a second, larger, screw-top vial 
containing liquid nitrogen. A length of piano wire was 
attached to the lid of the larger vial, to allow it to be 
Suspended from the neck of a five liter dewar for storage. 
All operations inside the can were Carried out using long 
tweezers and spatulas, which had been previously cooled in 
the liquid nitrogen. 

(ii) A degassed, 60 weight percent solution of trimethylene 
oxide in water was held at -35°C ina 1,2~dichloroethane 
Slush for one hour. The cell was then opened to a vacuum 
line to pump off the excess trimethylene oxide. The pressure, 
as measured by a mercury U-tube manometer, of the excess 
trimethylene oxide at -35°C, was 8 Torr. The crust which 
formed on the surface during pumping, was broken up by a 
Magnetic stirring rod. The pressure dropped to below 1 Torr 
after the cell had been pumped for 2 hours, and it was assumed 
that this was the vapour pressure of trimethylene oxide above 
the hydrate. The solid sample was broken into small pieces 


using a pre-cooled metal spike, and then removed from the cell, 
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ground and stored in liquid nitrogen by the previously 
outlined method. 
3H 60-46 H50 was 


prepared in the following way. A Single beam balance was 


(iii) A sample of molar composition 6 C 


used to accurately weigh 2.0 gm of trimethylene oxide, and 
this was transferred to a mortar in a can containing liquid 
nitrogen, using a syringe. Then 4.74 gm of boiled, distilled 
water were placed in a second mortar. The contents of each 
mortar were finely ground, and then the powders were mixed 
and reground. This sample was placed in a glass clathrate 
cell, consisting of a glass test tube coupled to a stopcock by 
a ground glass joint, and then packed down firmly using a 
Plug of glass wool. The cell was very carefully evacuated 
and then transferred to the Neslab LT-9 low temperature bath 
and held at -27°C for four days, at which time the sample 

was reground and stored in liquid nitrogen. 

(iv) A sample of molar composition 6 CH.O. 46 HO was made by 
Separately degassing 2.0 gm of trimethylene oxide and 4.74 gm 
of H5O and then vacuum distilling them into a clathrate cell 
cooled in liquid nitrogen. The cell was then allowed to warm 
to room temperature, producing a solution of trimethylene 
oxide in water of exactly the TMO hydrate I composition. 

This was rapidly cooled to -196°C in liquid nitrogen, and 
then transferred to a low temperature bath, and held at =—27 00% 
for about two weeks. The sample was ground in the usual 
manner and stored in liquid nitrogen. 


The hydrate produced by method (i) was found to contain 
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excess trimethylene oxide. In the samples produced by methods 
(ii) and (iii), some TMO hydrate II was formed together 
with the TMO hydrate I. However, method (iv) produced a 
pure sample of TMO hydrate I, as determined by powder X-ray 
diffraction results (see Section 2.3). Method (iv) was, 
‘therefore, adopted as the standard method for making TMO 
hydrate I. TMO deuterate I samples were made by the same 
method and using the same temperatures. 
A variation on method (iv) was used to make TMO hydrate II. 
After degassing 1.0 gm of trimethylene oxide and 5.28 gm 
O£ H,0, they were vacuum distilled into a clathrate cell, 
producing a solution of the correct composition, C3H,0.17 H50, 
for TMO hydrate II. This solution was Gaprdlyacooted. in 
liquid nitrogen, and then held at -18°C for about two weeks. 
The samples were subsequently ground and stored. 
2.3 Hydrate Characterisation by Powder X-ray Diffraction 
Powder X-ray diffraction was used to characterise 
each hydrate preparation. A brass table was placed inside 
an uninsulated metal can, which was filled with liquid nitrogen 
to just below the top of the table. A metal mortar, and a 
brass block containing a small hole, were placed on the 
table. A 0.5 mm quartz capillary tube, with a wide neck, 
sat inside the hole. The top of the can was covered with 
plexi-glas, and the apparatus was left for half-an-hour to 
cool. At this time, the sample vial was lowered into the 
can, and the screw top was removed with pre-cooled tweezers. 


A small amount of the sample was placed in the mortar, using 
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a cold spatula. A small volume of ice-free liquid nitrogen 
was added to the mortar to exclude the possibility of thermal 
decomposition during grinding. The sample was ground for 
about half-an-hour. Then a small portion was placed on a 
Spatula, in which a hole had been drilled. The hole was 
aligned with the top of the capillary tube, and the sample 
was pushed into the tube and firmly packed down, using a 
fine glass rod. When the tube was full, a bakelite support, 
containing a smear of oil, was placed over the end of the 
capillary tube. As soon as the oil had Sound veiedy. fixing 
the tube to the support, a small metal pot, with an insulated 
handle, containing liquid nitrogen was lowered into the can. 
The bakelite support containing the Capillary tube was held 
understhe) liquids nitrogen in; the metal MOe Wacch asipadwgor 
tweezers, and was then transferred to a gonimeter head 
on the X-ray camera. A stream of cold nitrogen gas, produced 
by boiling liquid nitrogen, was transferred through a dewar 
tube to cool the sample on the goniometer head. A cone of warm 
nitrogen gas, co-axial with the cold nitrogen stream, pre- 
vented ice from forming on the capillary tube. 

The X-ray beam was produced by an Enraf - Nonius Diffractis 
601 generator. Filtered copper Ky radiation, wavelength 
1.5418 A, was used to obtain the powder photographs. The 
Camera waS a Jarrell - Ash precession camera, which was used 
as a flat-plate powder camera. An iron-constantan thermocouple 


placed near the capillary tube indicated a temperature of 
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-140 420°C. However a thermocouple inserted into the Capillary 
tube through the bakelite Support indicated a temperature 
Of: =-170.-410°C; which is clearly a better estimate of the 
Sample temperature. The Sample to film distance was cal- 
ibrated by measuring the powder diffraction pattern of ice 
Th(82), and was found to be within the range 59.7 £0. 2) mm- 
2.4 Mull Samples for Mid-Infrared Spectroscopy 

The cell used to contain the mull samples is shown in 
PAG. 2s le welt as madetot stainless steel except for a copper 
sample holder, and it was constructed in the Chemistry 
Department Machine Shop. The inner part, consisting of the 
liquid nitrogen reservoir A, and the sample holder B, fits 
inside the outer jacket C, which contains the cesium iodide 
windows D. When fully assembled, the cell was evacuated 
to a pressure of about Pome Torr via the valve E, and the 
vacuum was sealed at the junction of the two parts by the 
concentric, Buna N rubber O-rings F. The seal between the 
outer jacket and the windows is achieved by two further 
Buna N O-rings G. The temperature of the sample May be 
varied over a small range by using the two heaters H. The 
temperatures at the top and bottom of the sample holder were 
monitored by two iron-constantan thermocouples, each inserted 
in a hole in the sample holder, and held in place by Wakefield 
thermal compound No. 122. The sample, contained between two 
cesium iodide windows, was fixed firmly in position by a spring 
attached to a copper ring, which was screwed to the sample 
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Fig. 2.1. Low temperature infrared mull cell: A, liquid 


nitrogen reservoir; B, sample holder; 


outer jacket; 
rings; H, heater. 


C, 


D, windows; E, valve; F, O-rings; G, O- 
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The low temperature mulling technique employed here 
was developed by Bertie and Whalley (93)7A0 Ar: operations 
were carried out inside an uninsulated Metal can to which 
a rectangular side arm had been attached. A section of the 
can had been removed to allow passage between the can and 
the side arm. A rectangular brass table was placed inside 
the can. At the front of the table, there were four circular 
wells. A stainless steel mortar was placed in one of the 
two larger wells. A small circular metal platform, which 
was attached to a rod held by a retort stand in the side 
arm, waS positioned on the left-hand side of the table. The 
copper ring, with attached Spring , was placed on the right- 
hand side of the table. The inner part of the low temperature 
cell rested on the back of the table, with the flange out of 
the can. Two pieces of plexi-glas, cut to fit snugly around 
the inner cell, were attached to each other and to the Can; 
by masking tape. A rectangular piece of plexi-glas was used 
to cover the side arm. Thus only the front half of the can 
was left open to allow access for working. Heating tape 
waS wrapped around the inner cell just below the Plange. = The 
glass ball joint attached to the valve at the top of the cell 
was connected to a vacuum line by a length of rubber pressure 
tubing. Outside the can, the outer jacket was slowly flushed 
with dry nitrogen gas. At this Stage the apparatus was 
ready to be cooled. 

The can was filled with liquid nitrogen to just below 


the surface of the table, and was left to cool for about 
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half-an-hour. From this point Onwards, all operations were 
carried out wearing rubber gloves and using pre-cooled 
tweezers or spatulas. . The Sample container was removed from 
storage and placed on the table. The inner sample vial was 
then lowered into a well at the front of the table, and a 
small amount of the sample was transferred to the Mortar. 
The steel pestle was cooled to liquid nitrogen temperature 
and, after half-filling the mortar with ice-free Pike gba! 
nitrogen, the sample was ground for half-an-hour. During 
this time further additions of liquid nitrogen to the mortar 
were necessary. 

Towards the end of the grinding procedure, two cesium 
iodide windows were placed in the can; one on the circular 
Metal platform and the other on the copper ring. After they 
had been allowed to cool for about fifteen minutes, some 
finely powdered sample was sprinkled onto the window resting 
OnWEie? platrorm. “AP large: vial pi then cooled in the liquid 
nitrogen, and placed in the middle of the table. Mulling 
agent was condensed into this vial, by cooling the glass 
pipette at the end of the delivery tube attached to the gas 
cylinder. Propane, trifluorochloromethane and propylene were 
the three mulling agents used during this study. A few 
drops of liquid mulling agent were placed over the sample on 
the window, and the second window was put on top. A small 
indentation in the middle of this window allowed the mull to 
be smeared uniformly, by rubbing one window over the other 


with a pair of pointed tweezers. The steel platform was 
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then released from the retort stand and carried to the cell, 
where the windows were tipped into the sample holder by 

a pair of tweezers. The copper spring was placed against 
the windows, and screwed into: Place by a long screw driver, 
inserted through a hole in the side of the can. 

At this point, the outer jacket of the cell, previously 
flushed with dry nitrogen gas, was laid in the side arm of 
the can. The heating tape was removed, and a small amount 
of liquid nitrogen was added to the reservoir of the inner 
cell. The plexi-glas covers were dismantled, and the inner 
cell was very quickly inserted into the outer jacket and 
evacuated. The complete cell was then removed from the side 
arm, filled with liquid nitrogen and thoroughly evacuated, 
and the remaining sample was returned to the storage dewar. 
The cell was then ready to be transferred to the sample 
compartment of the spectrophotometer where it was continuously 
evacuated while the spectra were recorded. 

2.5 Pellet Samples for Mid-Infrared Spectroscopy 
Zo. LRPeLLet Preparation 

The pellet samples were made by mixing the hydrate and 
powdered potassium bromide or cesium iodide at about TIGR 
placing the mixture into a piston-cylinder pressure apparatus 
at about 77°K, and pressurising it to 2.5 Kbar at 230°K. 

The ieee bicep pressure apparatus used to prepare 
the pellets is shown in Fig. 2.2. The sample S was held between 
the faces of the two pistons, A and B, which were inserted 


into the cylinder C. The retaining block D supported this 
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Fig. 2.2. Piston-cylinder pressure apparatus: A and B, 
pistons; C, cylinder; D, retaining block; E, Back-up rings; 


F and G, pressure distributing blocks; H, 
J, container; P, pressure. 
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whole assembly. A brass back-up ring E was seated in a groove 
on each piston face, to prevent the sample from extruding 

into the 0.001" clearance between the cylinder and the pistons. 
The fine hole drilled through the length of the top piston 

A ends 0.05" from the face, and it was used to house the 
thermocouple which recorded the temperature of the sample 
during pressurisation. The large diametrical hole through 
each piston facilitated the removal of the pistons at low 
temperature after the pellet had been made. The container 

J is a circular stainless steel pot with a lid. Variation 

of the voltage across a 200 watt pencil heater, immersed in 
liquid nitrogen, allowed the rate of flow of cold nitrogen 

gas to be controlled. A curved metal Shield, covering the 
gas-entrance side arm, dispersed the cold gas inside the pot. 
The blocks F and G serve to distribute the pressure, and 

the block H is merely a spacer. The arrows P represent the 
application of pressure by a standard 100 ton press. 

The pistons A and B and the blocks D, F, G and H were 
made of Vascomax 350, 183% nickel maraging steel, heat treated 
to 54 Rockwell C. Once the pellet sample had been made, the 
cylinder served as a sample holder and was screwed directly 
into the cryo-tip of a liquid helium cryostat. When the 
cryostat was assembled and evacuated, the sample was cooled in 
part by thermal conduction through the cylinder. The cylinder 
therefore had to be a reasonable heat conductor at low 
temperatures, as well as being strong enough to withstand 


the pressure applied to form the pellet. Two percent 


7s . : 7 x as Sait 
so AS bes aabard<> (odd coos aaa 
; ; ay .es a = - stavbnt 
iq aot odd ter iepaet on? dgsontts 


me - > 


— 


1O7= 2° ba : 
a - - 7 ts 7 
~ J iI 
aij saucy oa 9SY ) Si 
3 - de ~*~ 
PP 


2 # 
“~¢ “yes ea) pond Diet. Perer 
5 


eee is 988 
ipiy tog got “wee ting2) x 


ed ‘ALES : 
oy Siecle « ‘qft22 


t ry 


Soon ae . 
‘ . .. ena _ 
19 » set sew bz 


22 £& on. Pct a te. 


> ion 
_ » 


- 
2 ¢ 
r 
7 
é 
wits E 
f ic > 
; : * 
‘ - » 7 4 ? 


Io 


beryllium-copper was chosen as a suitable material for the 
cylinder. 

The. remainder of this section describes in detail the 
procedure developed in this work for making the pellets. 

This procedure resulted from about twenty-five trials in which 
the pellet thickness, the pressure, and the time of pressur- 
isation were varied. This procedure produced 0.35 mm thick 
pellets which only Minimally attenuated mid-infrared radiat- 
ion, and did not produce interference fringes in the spectra. 

In the earlier experimental work, 0.40 gm of cesium 
lodide or 0.28 gm of potassium bromide were accurately 
weighed in a small glass vial. This was then quickly Poaeed 
inside a glass tube which was evacuated overnight ata 
pressure of about 0.001 Torr. In the more recent experiments, 
0.28 gm of potassium bromide were Placed directly in a smaller 
glass tube, which was then evacuated to a pressure of about 
vom Torr and heated to about 175°C in a covered heating 
mantle, while pumping for two days. 

The apparatus shown in Fig. 2.2 was assembled in the 
uninsulated steel can containing liquid nitrogen. The steel 
pot containing the bottom block F was placed in the side arm 
of the can, together with the top steel block G. Two mortars 
were placed in wells at the front of the brass table 
(Section 2.4) inside the can, and the retaining block D con- 
taining the lower piston B and Supporting the cylinder C was 
placed in a third well in the middle of the table. The 


Spacer H was placed at the back of the table. Plexi-glas 
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covers were put over the side arm and the back half of the 
can. Then the can was filled with liquid nitrogen to just 
below the surface of the table and left to cool for half- 
an-hour. During this time, a small amount of water was 
Syringed into the hole in the top piston A and a copper- 
constantan thermocouple was inserted. The piston was then 
placed on the spacer H with the thermocouple leads protruding 
from the can. The water quickly froze, securing the thermo- 
couple tip inside the piston. 

When the contents of the can were cold, the evacuated 
tube containing the pelleting agent, (KBr or CsI), was 
filled with dry nitrogen and quickly placed on the table in 
the can, together with the vial containing the hydrate sample. 
A small amount of the hydrate was ground in one of the mortars, 
as described in Section 2.4. At this point, the pelleting 
agent was very carefully emptied from the glass tube into 
the mortar, using two pairs of tweezers. Essentially comp- 
lete transfer was assured by gently tapping the tube against 
the side of the mortar. A few grains of the powdered hydrate 
were added to the pelleting agent, and the powders were 
mixed thoroughly by grinding them for five minutes. The 
mixture was then totally transferred to the cylinder C. The 
mixture was evenly distributed inside the cylinder, first by a 
Spatula, and then by shaking the retaining block while hold- 
ing it by metal pincers inserted into diametrically opposed holes. 
The same metal pincers were then hooked into the diametrical 


hole in the top piston, which was then inserted into the 
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cylinder. Some liquid nitrogen was poured into the steel 

pot in the side arm, the metal pincers were again hooked into 
the hole in the retaining block, and the piston-cylinder 
assembly was placed into the steel pot. It was possible to 
Stay within the dry nitrogen atmosphere of the can throughout 
this transfer. The spacer block, which is notched to accom- 
odate the thermocouple, was placed on top of the upper piston, 
the lid of the pot was put in place and, finally, the top 
Steel block G was added. 

The complete cell (Fig. 2.2) was rapidly transferred to 
the insulated platten of the 100 ton press. An insulated 
rubber transfer tube from a 50 liter dewar of liguid nitrogen 
was attached to the entrance side arm of the POU, "and e lr ety 
volts was applied to the pencil heater in the dewar to 
produce a stream of cold, dry nitrogen gas. The thermocouple 
leads were attached to the terminals of a strip chart recorder, 
the reference thermocouple was placed in an ice-water bath, 
and the temperature of the sample was allowed to rise to 
-40°C. When a steady temperature had been achieved, 300 bars 
pressure was applied to the sample for 30 minutes, and then 
the pressure was released for 5 minutes. A pressure of 
2500 bars was then applied for 75 minutes and subsequently 
released for 5 minutes. This latter combination was 
repeated twice. Liquid nitrogen was then added through the 
exit tube of the pot, which was then quickly transferred 


Back=totthe side arm°of ‘the’ can: 
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The cylinder containing the sample was then ready to 
be placed imthe infrared.cell. The cell used for ala or the 
work with pellet samples was a liquid helium optical cell. 
This cell, together with its associated cryogenic equipment, 
is briefly described in the next section. 
2.5.2 Liquid Helium Cryostat 

The liquid helium cryostat used in this work was a 
Model LT-3-110 Liquid Transfer Heli-Tran Refrigeracor, 
purchased from Air Products and Chemicals Inc., Allentown, 
Pennsylvania. The liquid helium cryostat consists of a 
cold end and a vacuum shroud, collectively called the optical 
cell, a pleeribie transfer tube, and a standard 25 or 50 liter 
liquid helium dewar. 

A schematic view of the cold end is shown in Pile? 31. 
The liquid helium flows into the cold end from the transfer 
tube in two parts, the tip flow, which cools the sample holder 
by passing through the needle valve and is then warmed and 
vented, and the heat shield flow, which cools the heat shield 
in the transfer tube and is directed back through the tube 
from the cold end to increase the efficiency of the heat shield 
cooling. The ratio of tip flow, which controls the temperature 
Of the sample, to heat shield stiow, can be regulated by adjust- 
ment of the needle valve, using the screw near the top of the 
cold end. The sample temperature is further controlled by 
varying the voltage applied to the control heater. This 


is a 20 watt non-inductive heater which requires a 30 volt 


maximum, 60 Hz power supply. Three temperature sensing devices 
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Fig. 2.3. Cold end of low temperature infrared pellet cell]. 
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inserted into the end of the cryo-tip cover the range 2 

to 300°K. A germanium resistance sensor is useful between 
2°K and 100°K, a platinum resistance sensor covers the range 
20°K to 300°K, and a chromel vs. gold > —-0.07, atomic iron 
thermocouple has approximately the same useful range as the 
platinum sensor. 

The sample holder screws into the end of the CryO-tap, 
with good thermal contact being provided by an indium gasket. 
A radiation shield is placed over the sample holder, and 
screwed onto the cryo-tip. The vacuum shroud contains two 
cesium iodide windows, and is placed over the radiation shield 
during operation, forming a vacuum tight seal with the cold 
end, through the O-rings. The end of the cryo-tip and the 
radiation shield connection are made of OFHC copper. The 
remainder of the cold end, and the vacuum shroud, is made of 
non-magnetic stainless steel, except for the tip flow vent 
which is brass. 

A schematic view of the cryostat and peripheral equipment 
is shown in Fig. 2.4. The liquid helium dewar A is connected 
to the optical cell B by the flexible transfer line C. A 
positive pressure of helium gas inside the liquid helium 
dewar is supplied by the helium gas cylinder D through the 
dewar pressurisation connection. This pressure is measured 
by the gauge G, and is regulated by valves on the cylinder 
and by safety vent valves on the transfer tube and on the 
dewar itself. The pressure in the dewar must not exceed 


5 psig, for fear of cracking the dewar and a consequent 
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explosion. The pump H evacuates the vacuum shroud to the 
required pressure. The helium gas flows from the tip 

flow vent J, and the heat shield vent K, into the two flow 
meters L. The leads from the temperature sensors and control 
heater are attached to the temperature controller M. This 

is a Model 5301 Temperature Controller purchased from Artronix 
Instrumentation, St. Louis, Missouri, which will, if required, 
automatically adjust the voltage applied to the control heater 
to give a temperature Stability of 0.01°K. The vacuum jacket 
in the flexible transfer line was evacuated through its pump- 
out valve to a pressure of less than 107> Torr before each 
time it was used. 

The description of the apparatus is now complete. The 
procedure for placing the pellet samples in the optical cell, 
while keeping them cold and free from ice, and the coupling 
of the optical cell to the other cryogenic equipment, is 
described in the next section. 

205.3 ePellet Handling Procedure and Cryogenics 
The procedure for coupling the sample holder, that is 


the cylinder C (Fig. 2.2) containing the pellet, to the cold 
end and attaching the vacuum shroud will be described first. 
The uninsulated can containing a table, which is 
described in Section 2.5.1, was used for this procedure. The 
cold end was suspended vertically inside the can from a retort 
Stand, with the O-rings of the vacuum shroud seal just above 
the top of the can. Two cylindrical brass holders, which were 


designed to hold the radiation shield and the sample holder, 
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were placed on brass pivots screwed to the table. The 
radiation shield was placed in the appropriate holder and 
prevented from rotating inside the holder by polyethylene 
screws. The vacuum port on the cold end was attached to a 
vacuum line by rubber pressure tubing. A plexi-glas cover 
was placed over the back half of the can. This cover contain- 
ed a slot to allow the cold end to be easily moved between 

the two brass holders. The can was then filled to just below 
the surface of the table with liquid nitrogen, and allowed to 
cool for 30 minutes. 

The steel pot, containing the sample in the pressure 
eeararie cooled with liquid nitrogen (Section 2.5.1), was 
then transferred from the 100 ton press to the side arm of 
the can. The retaining block, containing the pistons and 
sample holder, was placed in a well in the table inside the 
can. The metal pincers were inserted in the hole in the top 
piston, and gently raised to remove the piston and leave the 
pellet intact in the sample holder. A long stainless steel 
rod was screwed onto the sample holder from the side arm of 
the can and, with the help of a pair of tongs, the sample 
holder was lifted free of the bottom piston. Great care was 
required during this operation in order not to dislodge the 
fragile pellet from the sample holder. The sample holder was 
then placed in the cylindrical brass holder, whose inner shape 
prevented the sample holder from rotating inside it, and the 


long steel rod was removed. 
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The end of the cryo-tip was placed over the thread on 
the sample holder, and the cylindrical brass holder was rot- 
ated to screw the sample holder firmly onto the cryo-tip, 
compressing the indium gasket. The sample holder was then 
lifted clear of the cylindrical brass holder, the cold end 
was moved across the table, and the cryo-tip plus sample 
was placed inside the radiation shield. This was screwed 
into place by rotating its holder. The polyethylene screws 
clamping the radiation shield were loosened and the radiation 
Shield was meno ved from its holder. The vacuum shroud, which 
had been flushed with dry nitrogen gas, was placed in the side 
arm. The cold “i was quickly mated with the vacuum shroud 
to complete the assembly of the optical cell containing the 
pellet sample. The cell was then evacuated and removed 
from the can. Liquid nitrogen was poured into the central 
tube of the cold end to maintain a Sample temperature of 
below 100°K. 

The final stage of the assembly of the cryostat was to 
connect the flexible transfer tube from the dewar of liquid 
helium to the cold end. The pick-up tube at the end of the 
transfer tube was slowly inserted into the liquid helium 
dewar, allowing five minutes for the helium gas to flush 
out the air in the transfer line. The pick-up tube was then 
completely inserted into the dewar, and secured to it by a 
rubber connector. The dewar was then pressurised from the 
gas cylinder to 5 psig, and the line from the heat shield vent 


tube was connected to one of the flow meters. The tube which 
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delivers the liquid helium to the cold end was placed in a 
glass cylinder, and the mouth of the cylinder was plugged 
with cotton wool. The temperature of the gas emerging from 
the delivery tube was monitored continuously with a 
thermocouple. 

At first, the rate of flow through the heat shield 
waS very erratic. However, over a period of 35 Minutes, it 
stabilised and rose to a value of about 7 litres of gas per 
minute. At this point, the temperature of the gas emerging 
from the delivery tube started to drop below room temperature. 
The optical cell was then removed from the vacuum line, and 
placed close to the delivery tube. As the temperature of the 
gas emerging from the delivery tube approached 100°K, the 
thermocouple was removed from the glass cylinder, and the 
remaining liquid nitrogen was emptied from the optical cell. 
The glass cylinder was then removed from around the delivery 
tube and the tube was inserted into the optical cell as 
quickly as possible. The tube from the second flow meter was 
attached to the tip flow vent of the optical cell to ensure 
that the needle valve had not been blocked by ice during the 
coupling. The pressure in the dewar was decreased to 2% psig 
at this point. 

The cell was then secured in the sample compartment 
of the spectrophotometer, and the tip and heat shield flows 
were adjusted to give the desired temperature. If the sample 
was to be stored overnight, the gas flows were adjusted to 


give a temperature of about 200°K, and a strip chart recorder 
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was used to record any temperature variation during the night. 
The vacuum shroud could be continuously evacuated Overnight, 
although usually this was not done. 
2.6 Mid-Infrared Instrumentation 

The mid-infrared spectra between 200 and 4000 cm72 
were recorded on a Beckman IR-12 Spectrophotometer. A variety 
of operating conditions were used. However, the most common 
Ones employed a slit programme which gave a resolution of 
about 4 cm between 200 and 650 ones and 2 cm? between 650 
and 4000 cm", Full scans between 200 and 4000 cm + were run 
at a scanning speed of 20 cm7+/minute. The variable scale 
expansion option on the instrument was often used. A fiducial 
marker was set to give a mark every 25 cm! below 2000 cm, 
and every 50 cm} above 2000 cm7?, In conjunction with other 
people in this laboratory, mainly Frances E. Bates, the 
frequencies at which these marks occurred were calibrated 
against gaseous water, ammonia, carbon dioxide, hydrogen cyanide, 
deuterium cyanide, methane, hydrogen chloride, deuterium 
Chloride and hydrogen bromide (84). The accuracy of the 
frequencies of the fiducial marks is believed to be at least 


L and +1.0 cm above 2000 cm*, all 


40.5 em + below 2000 cm™ 
frequencies reported herein were measured with respect to the 
fiducial marks. 

The low temperature cells were sealed in the sample comp- 
artment by plexi-glas covers and plasticine. The instrument 


was purged with either dry air, from a Puregas Model HR~211-112-9 


dryer, or dry nitrogen gas, boiled from a liquid nitrogen 
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dewar and warmed to room temperature by passage through a 


copper coil. 
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Chapter Three. Mid-Infrared Spectra of Structure I 
Trimethylene Oxide Hydrate 


3.1 General 

In this chapter, the results of the Study of the 
mid-infrared spectra of TMO hydrate I contained in mulis 
and pellets will be presented. The technique of record- 
ing the infrared spectra of hydrates dispersed in mull- 
ing agents is now well-established (48, 49), so these 
Spectra show definitive evidence of the vibrations of 
TMO hydrate I at about 95°K. The technique of recording 
the infrared spectra of hydrates dispersed in pelleting 
agents was developed during this work so that the 
temperature dependence of the absorption could be studied. 
The validity of the results obtained from the pellets 
will be determined by comparison with those obtained 
from the mulls. 

The first half of this chapter will deal with the 
mid-infrared spectra of mulls of TMO hydrate I. The 
reason for dispersing the hydrate in mulling agents with 
a refractive index comparable to that of the hydrate is 
to reduce the reflection and scattering of radiation to 
the point where the transmission spectrum is a good 
approximation to the absorption spectrum, even when the 


diameters of the hydrate particles approximate or 
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exceed the wavelength of the radiation. However it is 
necessary to thoroughly grind the hydrate and to keep 
the mulling agents liquid rather than solid. The 
physical state of the three mulling agents propane, 
propylene and Freon 13 was easily determined from their 
mid-infrared absorption bands and, if necessary, was 
corrected by heating the sample (Section Pe @ 

No impurity bands were detected in the infrared 
spectrum of the trimethylene oxide (Section 2.1). How- 
ever there are basically three other possible impurities 
in the spectroscopic samples: extrinsic ice deposited 
on the windows during the preparation of the mull 
sample, solid trimethylene oxide due to an excess of 
trimethylene oxide being present during the hydrate 
preparation, and TMO hydrate II due to either a Boma aren 
of incorrect concentration being used for the sample 
preparation or insufficient time being allowed for 


annealing the sample. 


A common impurity in hydrate samples is intrinsic 
ice, which is formed during the preparation of the 
hydrate because an excess of water is present. The 
powder X-ray diffraction photographs showed that this 
was not a problem in samples of TMO hydrate I, because 
the intense lines due to ice at 26 values of 22.7°, 


24.2° and 25.6° (Cu Ky radiation) were not observed. 
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This is to be expected because care was taken to prepare 

the solutions with the correct stoichiometry and any 

excess water would have formed TMO hydrate II (see Fig. 1.3), 
not ice. 

The possibility of contamination by extrinsic ice is 
solely dependent on the care taken when preparing the 
infrared samples in the cold can (Section 2.4). Possible 
sources are the liquid nitrogen used to cool the sample 
during grinding, liquid nitrogen splashes on the cesium 
iodide windows during cooling, dislodgement of ice from the 
rim of the can and condensation of ice on the cesium 
iodide windows while mating the inner and outer parts 
of the liquid nitrogen cryostat (Fig. 2.1). Contamination 
from all of these sources was shown to have been essent- 
ially eliminated by the extremely low intensity of the 
broad absorption at 3220 cm”? (Section 1.3.1) in the spectra 
of Freon 13 and of TMO deuterate I in Freon 13. 

Contamination of the hydrate samples by solid tri- 
methylene oxide was a rare occurrence because the amount 
of trimethylene oxide required for the hydrate preparation 
was accurately weighed on a single beam balance. Such 
contamination was readily determined by the presence of a 
line with a 20 value of 20.2° (Cu Ky radiation, Section 3.4) 
in the X-ray photograph of a contaminated hydrate sample. 
Also the peak frequencies of powdered trimethylene oxide 


in a propane mull were determined, so that careful measurement 
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of an infrared spectrum of a contaminated hydrate sample 
revealed the presence of solid trimethylene oxide, as shown 
in Fig. 3.1, boxes A, B and C. 

In fact the most common contaminant of the TMO hydrate I 
samples was TMO hydrate II. This was expected from a con= 
Sideration of the trimethylene oxide - water phase diagram 
(Fig. 1.3), which shows that on cooling a solution of the 
TMO hydrate I composition, the first solid to form is 
TMO hydrate II. In order to minimise the amount of TMO 
hydrate II formed, the solution was rapidly cooled from 
room temperature to 77°K. If any TMO hydrate II formed 
during this rapid cooling, a corresponding excess of 
trimethylene oxide remained, so the sample was annealed 
at -27°C for about two weeks to allow these two con- 
taminants to react to form TMO hydrate I. Occasionally 
samples made by this method contained TMO hydrate II. This 
was easily identified by the presence of a line with a 
28 value of 9.0° (Cu Ky radiation) in the X-ray photograph. 
This is one of the more intense diffraction lines of TMO 
hydrate II (Section 4.4), and its 20 value is lower than 
any observed for TMO hydrate I, so it provides a sensitive 
test for contamination by TMO hydrate II. The infrared 
spectra of TMO hydrate I in mulls were found to be less 
sensitive to the presence of TMO hydrate II than the 
X-ray photographs. All of the infrared spectra reported in 


this chapter were recorded on TMO hydrate I samples, which 
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Fig. 3.1. Mid-infrared mull spectra of TMO deuterate I (ia, 
TMO deuterate II (II) and solid trimethylene oxide (TMO) at 
95°K. The maximum and minimum percent transmissions of 
each curve are: A- TMO, 73, 27, I + TMO;, 71,66; B= T° +:°TMO; 
ey OO, ©, 99, "Ale C=" TMO, 73,727; 1, 59m al pe tu, oo, 

Beet 7 59, Al 


| a : d —_ 
o> } f f hey — 


‘ 
nile ae 


.< , Lux 


w1 


were uncontaminated by TMO hydrate II as determined by 
X-xay diffraction. 

Before presenting the spectra, it is convenient to 
discuss a band observed in the infrared spectra of the mulls 
au 20 25%..2 cm 1 which could not be attributed to TMO hydrate I, 
TMO hydrate II, ice or solid trimethylene oxide. This band 
was observed in all three mulling agents but its intensity 
relative to that of the hydrate absorption was highly vari- 
able even with the same mulling agent. Curves I in Fig. 

3.1, boxes B, C, D, were taken from a spectrum in which the 
absorption at 1025.2 em + was very strong. The absorption 
in the same region by TMO hydrate II (Fig. 321, boxrD,a curve 
It), shows a peak at 1028.5 cm + superimposed on a broad 
band to slightly lower frequency. Thus the fundamental 
absorption at 1028.5 cm™? of TMOMhyarake II is clearly not 
responsible for the 1025.2 cm band observed in the spectra 
of TMO hydrate I, and, in fact, the latter band also appears 
to be present in the spectra of TMO hydrate II. The 
absorption by powdered trimethylene oxide dispersed in liquid 
propane (Fig. 3.1 boxes A and C, curve TMO) at 1026.1 cm! is 
about 1 om to high frequency, and one-third of the half- 
width, of the band in question. Thus on this evidence alone, 


a 


it is unlikely that. the band at 1025.2 cm ~ is due to excess 


trimethylene oxide. This is confirmed in box B of Fugees 1, 
where it is seen that a slight excess of trimethylene oxide 


in a TMO hydrate I sample (curve I + TMO) results in an 


absorption at 1026.0 cm‘, 0.8 cm + to high frequency 
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of the uncontaminated TMO hydrate I sample (curve I). Box 


ALOL Fig. 3. Wshows the Similarity in absorption of the 
powdered trimethylene oxide sample (curve TMO) and the 
TMO hydrate I sample contaminated by a slight excess of 
trimethylene oxide (curve I + TMO). The nature of the 
species which absorbs at 1025.2 cm + is unknown and this 
band will be ignored in the remainder of this thesis. 
3.2 Mid-Infrared Spectra of Structure I Trimethylene 
Oxide Hydrate in Mulls 
3.2.1 General 

Typical original spectra of TMO hydrate I and TMO 
deuterate I mulled with propane, propylene and Freon 13 
dt 955K are shown in Figs. 3.2 and 3.3; The spectrum of 
each compound with the mulling agent absorption removed has 
been composed from spectra in each of the three mulling 
agents and is shown in Fig. 3.4 for TMO hydrate I and 
Fig. 3.5 for TMO deuterate I. The intensities of features 
which were taken from different original spectra were 
scaled so that the relative intensities shown in Figs. 3.4 
and 3.5 are approximately correct. The original spectra 


(Figs. 3.2 and 3.3) were recorded at a resolution of better 


i 1 


Meee a betrecn S00 andu6s0ben: , and better than 2.5 cm. 
between 650 and 4000 cm +. The frequencies of the observed 
features and their estimated accuracy are listed in Table 


3.1. All of the features, including the weak ones, were 


reproducible. 
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TMO Hydrate I 


v/om 


33355 


S23. 


~3122 


3019 
2983 


2946 + 
2930 £ 


2887 


Table 3.1 


Frequencies of the Observed Features 


in the Mid-Infrared Spectra of 


Structure I Trimethylene Oxide Hydrate 


and Deuterate in Mulls at 95°K? 


Assignment 
sh 
vs, br Von (22°) 
sh 

Vopr (HDO) 
sh Vig (IMO) 

Ww v, (MO) 

2) x V4 (TMO) ? 
sh Vo (TMO) 
sh Vg (TMO) 

s V1.3 (IMO) 


Vop (22°) 


TMO Deuterate I 
-1 


S27 ue 
~Sa57 


3018. 
2984. 
Zo03 
2946. 
2930. 
2887. 
2499 
2428 
~2367 
™=2303 


cm 
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TMO Hydrate I 


5 / eu 


2439 +4 s, 


~2414 sh 
35 e220) tn, 
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P56. 5221 ™ 
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$244.5 +0.5 


E02.) 21 Ww 
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Assignment 


Vop (HDO) 


3V, (H,0), 
ayes + vp (H,0) 

V5 (H,0) 

3V, (D0), 
ae + v, (D0) 

V4/V 74 (TMO) 

Vio (TMO) 

Vig (TMO) 

V5 (D50) 

V4 (EMO) 

Vo1 (TMO) 


Ve (TMO) 


MO 
Vv Pe ) 
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Vig (TMO) 
Vg (TMO) 
Vo9 (TMO) 
Vy (TMO) 
Vp (H50) 
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TMO Deuterate I 


v/com 
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168 05 2 On iweeeo 


1457.5 


U2 oer 


1244.8 


2 em 
Vw 
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1201.4 
1/8 


103336 
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TMO Hydrate I Assignment TMO Deuterate I 


z i 


v/com v/com 


~670 sh 


Giles VSre oie 


Vp (D50) 451 +5 mw 
420 +10 mw 
375° FET07 a3 
ClSet T52w> ‘br 
Si TEL OP we br 
Vp (H50) 


B20 tS" "wi br 
DO2= toh we br 


a) vs = very strong, s = strong, m = medium, mw = medium- 
weak, w = weak, vw = very weak, br = broad, sh = shoulder. 
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The temperature of the sample could not be measured 


accurately. However it was always necessary to heat DLOp— 
ylene and Freon 13 mulls to melt the mulling agent, and 
sometimes this was also necessary for propane mulls. The 
melting points for propane, propylene and Freon 13 are 
84, 88 and 92°K respectively, so the temperature was 
clearly in the range 95 +10°K. 

The interaction between the water and the trimethylene 
oxide molecules in the clathrate hydrate is weak compared 
to the strengths of the covalent bonds within each species 
and the hydrogen bonds between the water molecules (Chapter 1). 
TOUS, el thestirst approximation, it is logical sto, consider 
the vibrations of the water molecules and the guest molecules 
separately. The absorption by the water molecules is readily 
identified since it is broad and occurs at approximately 
30% lower frequencies in the spectra of the deuterate, while 
the absorption by the guest molecules is sharp and occurs 
at about the same frequency in the hydrate and deuterate. 
The assignment of the water absorption to specific vibrational 
modes follows from a comparison with the spectra of ice 
(Chapter 1) and ethylene oxide hydrate (Chapter 1). The 
assignment of the trimethylene oxide absorption to specific 
vibrational modes follows from previcus studies of the 
spectra of gaseous trimethylene oxide (Chapter 1). These 


assignments are given in Table 3.1. 
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3.2.2 Absorption by the Water Molecules 


The band due to Voy (H5°) (see Section 1.3 for nomen- 
clature) extends from about 2800 to 3600 em? as shown in 


Fig. 3.6. It has a peak frequency of 3231 cm with poorly 


defined shoulders at about 3335 and 3122 em7*, The half=- 


width of this band is about 300 cm), The five weak 


features between 2850 and 3050 aoe 


(Pig. 326,-plable, ae.) 
remain unchanged in frequency in the deuterate spectrum and 
must, therefore, be due to trimethylene oxide. The band due 


to Yop (P20) extends from about 2200 to 2700 cm 2 


(FLO 36) < 
The peak frequency is 2428 em >> with a high frequency peak 
at 2499 em” and poorly defined low frequency shoulders at 


about 2367 and 2303 om This band has a half-width of 


about 250 cmt. The ratio of the peak frequency of the 
Voy (42) band to that of the Vop (P29) band -is?) 173959202007. 
The band due to Vo (H50) is very broad and poorly de- 
fined in the spectra of the mulls (Fig. 3.4), since all © 
three mulling agents absorb within this region. The band 
maximum is most clearly seen in the propane mull (Fig. 3.2) 
at a frequency of about 1650 cm + £30 i ae The correspond- 
ing band of the deuterate, V5 (D509), has its band maximum 


and extends over the region 1050 to 


AL we eo cm + +15 cm 
1300 cm + (Fig. 3.5). The four sharp features at 1283, 
1244.8, 0201 .4°and 1137.3 om} observed on this band (Fig. 


3.5) remain unshifted in the hydrate spectra and must be 


due to trimethylene oxide vibrations. The exact shape of 
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Migs: 3.6." The ¥v (H,0) band of structure I trimethylene 
oxide hydrate (ldOWwer*~box) and the v p (P29) band of structure 
I trimethylene oxide deuterate (uppeP box) dispersed in 
mulling agents at 95°K. 
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this band is uncertain due to mulling agent and guest 
absorption; however the slope on the high frequency side 
appears to be much steeper than that on the low frequency 
Side. The ratio of the peak frequencies of Vo (H50) and 
Vo (D509) Peres oe ct 0c O05: 

The band due to Vp (H50) extends from about 450 to 
1000 cm and is somewhat more complex than the water bands 
already described (Fig. 3.4). The maximum of the main band 


Lo and the half-width is 160 cmt, The 


is at 819 +5 cm” 
Sharp feature at 978.1 om 2 and the shoulders at 991, 941 

and 900 cm”? are all clearly observed as bands at almost 
identical frequencies in the deuterate spectrum and are, thus, 
assigned to trimethylene oxide vibrations. The feature at 

1k pal cm is also assigned to trimethylene oxide although 

it was not observed in the spectrum of the deuterate, 
possibly because this frequency falls within tthe Vp (D50) 

band (Fig. 3.5). The four broad, weak shoulders at 

about 615, 577,.525 and 502 em are believed to be genuine 
features of the Vp (H50) band. 

The corresponding band of the deuterate, Vp (D509), has 
its maximum at 611 +5 cm™? and a half-width of 100 cm? as 
shown in Fig. 3.7. This band is uncomplicated by tri- 
methylene oxide or mulling agent absorption and clearly 

a 


shows a very broad high frequency shoulder at about 670 cm ~. 


The ratio of the peak frequencies of Vp (H50) and Vp (D509) 


is 1.34 +0.02. Using this ratio, the bands corresponding 
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PERCENT TRANSMISSION 


y/om 


Pigs 3. i. the Vp (D0) band of structure I trimethylene oxide 
deuterate disperSed“in a mulling agent at 95°K. The dotted 
lines indicate the absorptions of the mulling agent and the 
dashed lines indicate the absorption of the deuterate in 
these regions. 
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to the four broad, weak, low frequency shoulders observed 


for Vp (H50) would be expected at 458, 431, 392 and 375 oma hs 


uf 


all +8 cm, in the deuterate spectrum. In the propane 


mull of Fig. 3.3, two broad bands are observed at 


1 and 420 +10 cm + which agree well with the 


1 


451 +5 cm 


and 400 em” 


predicted values. The region between 350 cm 
is obscured in the propane mull by propane absorption; 
however in the propylene mull (Fig. 3.3) a very weak broad 
band centered at about 375 cm is seen. The assignment 
of this band to a real feature of the Vp (D,0) band is 
tentative due to its broad, weak appearance. The band 
predicted at 392 cmit, presumably, merged with the other 
bandage (1G .3,..5).. 

Overtone and combination bands of the fundamental 
water vibrations, discussed above, were also observed in 
the spectra. The second overtone 3Vp (H50) and the comb- 
ination V5 (HO) + Vp (H50) are both expected at about 2250 em 
by comparison with the spectra of ice Ih (Chapter 1) and 
ethylene oxide hydrate (Chapter 1), and so the band observed 
atu2235 em’ (Fig. 3.2) is assigned to these two modes. 
Similarly, the broad, weak band observed at about 1630 cmt 
in the deuterate spectra (Fig. 3.3) is assigned to 3Vv,, (D50) 
and Vo (D50) + Vp (D,0) - The peak frequency isotope ratio 
for these bands is 1.37 10.03. 

The OH and OD stretching vibrations, Voy (HDO) and 


Vop (HDO) » of isolated HDO molecules, that is of HDO 
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molecules surrounded by H.0 or D,0 molecules, were studied 
in samples prepared from solutions of approximately 4 and 10 
mole percent of HDO in Do0 and approximately 10 mole per- 
cent of HDO in H,0. Although these water solutions were 
weighed quickly in air, undoubtedly some isotopic exchange 
occurred, and so the actual concentrations are probably 
about 6% and 12% HDO in D,0 and about 8% HDO in H,O. For 
brevity, these hydrate samples will be referred to as 98% 
D0, 95% D50 and 95% H50 samples. The band due to Voy (HDO) 
of a 95% Do0 sample has a peak frequency of 3297 +4 cm? 
and a half-width of about 155 cmt, as shown in Fig. 3.8. 
This band also exhibits a poorly defined low frequency 
shoulder at about 3237 cm? The corresponding band (not 
shown) from a 98% Do0 sample was identical except that the 
half-width was reduced to about 125 ema The band due to 
Vop (HDO) (Fig.9s.0)h Of a 95% H50 sample has a peak frequency 
of 2439 #4 cm? and a half-width of about 95 cm74. This 
band also shows a very slight low frequency shoulder at 
about 2414 cmt, The ratio of the peak frequencies of 
Voq(HDO) to vo) (HDO) is 1.35 £0.01. 
3.2.3 Absorption by the Trimethylene Oxide Molecules 

The absorption in the C-H stretching region of TMO 
deuterate I is shown in Fig. 3.9. This region of the 
spectrum was studied using the mulling agent Freon 13, which 
does not absorb in this frequency range. The bands are 


seen clearly in the spectrum of the deuterate (Fig. 3.9), 


whereas in the spectrum of the hydrate (Fig. 3.6), they 
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Eig. 3.8.  The’v y (HDO) band of structure I trimethylene 
cxide deuterate Qentaining about 12 percent of HDO (lower 
box) and the v._(HDO) band of structure I trimethylene 
oxide hydrate Containing about 8 percent of HDO (upper 
box) dispersed in mulling agents at 95°K. The broad band 
near 2225 wavenumbers is 3Vp (H50) and V5 (H,0) + Vp (HO) - 
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Fig. 3.9. Absorption by the C-H stretching vibrations of 
structure I trimethylene oxide deuterate dispersed in a 
mulling agent at 95°K. 
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are Superimposed on the low frequency side of the very 


intense Voy 'H0) band. The strong, broad absorption observed 
1 


td 


Phigmmeio} eate2e87 72cm ~ with abhalé-width of atodue ere 
V13" is the third strongest guest absorption and it appears 
clearly at the same frequency in the hydrate spectrum. The 
absorption at 2930.9 cmt, due to Vor is observed as a weak 
band in the deuterate spectrum and a poorly defined shoulder 
in the hydrate spectrum, as is the case with the slightly 

stronger absorption at 2946.1 cm? 20° 
strongest absorption in the can GES region of the spec- 


PeCAuestOUD The second 
trum is seen at 2984.9 cm + in the deuterate spectrum with a 
Shoulder at 2973 cm -, The peak, assigned to Vz, occurs at 
2983 cm + in the hydrate spectrum but the low frequency shoul- 
der is not observed. The highest frequency guest band, due to 
Vigor is observed as a medium intensity absorption at 3018.4 
cm +, with a half-width of about 8 emie, in the deuterate 
Spectrum (Fig. 3.9), and as a shoulder at 3019 cm? in the 
nvarate spectrum (Figs. 3.4 and -356)). 

The bands due to the other C-H vibrations, namely the 
deformations, twists, wags and rocks are shown in Fig. 3.10. 
v and v are presented with a 


ae) avg” 26 23 


frequency scale of 50 cm per inch whereas the remaining 


The bands due to vy 


al! 
bands are presented with a frequency scale of 20 cm per 
inch. The band due to V4 and Via has been re-plotted at 
ae na 
a Omncm : per inch from a spectrum recorded at 50 cm per 


inch. The noise has been smoothed on the bands due to 
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PERCENT TRANSMISSION 
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Fig. 3.10. Absorption by Va/Y 14° Yai’ “16 and Vo3 of 
structure I trimethylene oxide hydrate and Voy Yo and V42 
of structure I trimethylene oxide deuterate dispersed in 


mulling agents at 95°K. 
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Vv, and Via? V2] and Vo3- and was of the magnitude shown 


for the other bands. 

Both v, and v,, are expected between 1400 and 1500 cmt, 
so both are assigned to the only guest absorption observed 
in this region, at 1456.5 om + in the hydrate spectrum (Fig. 
2.40) and.1457.5 cm? in the deuterate spectrum. The half- 
widths of these bands are about 5 cm. a very weak guest 
absorption assigned to the CH, twist, Yio is observed at 


about 1283 cm 2 


in the hydrate spectra (Figs. 3.2 and 3.4) 
and the deuterate spectra (Figs. 3.3 and 365):5. glbawas; 
however, too weak to include in Fig. 3.10. A weak absorpt- 


ion due to V1, is observed at 1202.7 cme 


in the hydrate 
spectrum (Fig. 3.10) and at 1201.4 cm’ in the deuterate 
spectrum. The half-widths of these bands could not be 
measured reliably, but are about 6 cm -. The absorption 
due to Vie in the spectrum of the hydrate is shown super- 
imposed on a broad band in Fig. 3.10. This broad band is 
due to the liquid propylene mulling agent. The peak fre- 
quencies in the hydrate and deuterate spectra are almost 
identical at 1244.5 and 1244.8 em respectively, and the 
half-width is 5.4 cm}. The absorption due to Voq is 

seen at 1137.9 cm + in the spectrum of the hydrate and at 
513 7:..3 om} with a half-width of 3.1 cm + in the spectrum 
of the deuterate (Fig. 3.10). Two broad, overlapping bands 
ace53l 2 ang §46.0 om + in the spectrum of the deuterate 
(Fig. 3-10) are assigned to V2 and Vo2 respectively. The 


half-width of the Vo2 band is 10 om. The frequencies 
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of these two bands are close to the peak frequency of 
Vp (H,0) in the spectrum of the hydrate, and they were 
not observed. The remaining band in Fig. 3.10, V93° 

is observed at 713.1 cm + in the spectrum of the hydrate 

and is absent in the spectrum of the deuterate, as noted 

in Section 3.2.2. Its half-width could not be _reliably 
measured, but it is about 8 cm. 

The remaining guest bands are due to vibrations of the 
trimethylene oxide ring, and are shown in Fig. 3.11. The 
second strongest guest absorption is the band assigned to 
Vg Which is observed at 904.9 cm’ with a half-width of 
ae cm in the spectrum of the deuterate (Fig. 3.11). 

The contour of this band was particularly suseptible to the 
quality of the mull, and it varied between that shown in 
curve A for a good mull and that shown in curve B for a 

poor mull. This strong band is reduced to a shoulder at 
about 900 cm? in the spectrum of the hydrate (Fig. 3.4). 

A similar susceptibility to the quality of Pie mull was 
observed for the band at 940.9 emia? Vig in the spectrum 

of the deuterate (Fig. 3.11). Curve A shows the contour 
obtained from a good mull, and curve B shows the one from 

a poor mull. The half-width for this band, measured from 
the spectrum of a good mull, was 6.0 cm +, The corresponding 
absorption of the hydrate is observed as a shoulder on the 
Vp(H,0) band at about 941 cmt, The strongest guest absorpt- 


ion is observed at 978.1 ae in the spectrum of the 
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hydrate and at 976.8 cm? in the spectrum of the deuterate 
(Fig. 3.11). A well defined shoulder is seen on the high 
frequency side of this band at about 991 cm + in the 
spectrum of the hydrate and about 989 cm + in the spectrum 
of the deuterate. There is also an indication of one, 

or possibly two, poorly defined shoulders to low frequency 
Of the main band (Fig. 3.11). The half-width of this band 
1S6.9 cm + and the frequency difference of 1.3 cm + between 
the hydrate and deuterate is considered to be real. The 


two main features are assigned to v. and v and the 


1 74 
specific assignment will be discussed in Chapteneo., Beinaray, 
the sharpest guest absorption, due to the ring breathing 
mode, Ver is observed at 1033.8 cm + in the spectrum of 
the hydrate and 1033.6 cm + in the spectrum of the deuter- 
Geom G.s oll), with a. halt=width sor 220 emis. The broad, 


weak absorption observed to low frequency of v, in Fig. 3.11 


6 
has been discussed in Section 3.1. 

The slight differences in the frequencies of corres- 
ponding trimethylene oxide absorptions of the hydrate and 
deuterate (Table 3.1), except in the one case noted above, 
are within experimental error and are, thus, not significant. 
3.3 Mid-Infrared Sages of Structure I Trimethylene Oxide 
Hydrate in Pellets 
3.3.1 General 


In order to investigate the order-disorder transition 


in TMO hydrate I reported by Davidson et al (54), it was 
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necessary to vary the temperature of the spectroscopic 
sample between 75 and 135°K. The variation of the 
temperature of a sample dispersed in a mulling agent 
within this range results in three different physical 
phases of the spectroscopic sample: a mull with solid 
mulling agent, a mull with liquid mulling agent, and a 
Gispersion in vacuum of the hydrate particles after the 
vaporization of the mulling agent. The consequent changes 
in the refractive index at the surface of the hydrate 
particles produce corresponding changes in the amount of 
light scattered by the sample, which in turn alter the 
apparent shapes of the absorption bands. These changes in 


band shape are sufficient to make the study of the temper- 


ature dependence of the bands impractical. It was for this 


reason that the temperature dependence of the mid-infrared 


spectrum of TMO hydrate I was studied using hydrate samples 


dispersed in an alkali halide pellet. 

The use of pellets rather than mulls has the obvious 
added advantage that there are no uncertainties in the 
spectrum due to absorption by the mulling agent. However 
the uncertainty that can exist is ‘whether the pressure 
applied during the formation of the pellet has changed the 
sample. Basically two methods were used to determine 
whether such a change had occurred. In the first method 
the spectrum of the pellet sample, at about 95°K, was 


compared with that of the mull sample (Section 3.2) to 
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determine if there were any differences which could be 
attributed to the pressure treatment. In the second 

method TMO hydrate I was Subjected to a normal pellet 
pressurisation procedure without any “pellétizingsagent #ovrne 
resulting pellet was ground and the X-ray diffraction photo- 
graph, and the infrared spectrum in a propane mull, of 

the resulting powdered Sample were recorded. These results 
were then compared to those obtained from TMO hydrate I 

that had not been subjected to pressure. Both the X=cay 
photographs and the spectra of the second method showed 
that TMO hydrate I was unaffected by the pressure treatment, 
and this was confirmed by the comparison of the pellet and 
mull spectra of the first method. It should be emphasised 
that the most definitive criterion is the comparison of the 
pelTetvand mull:spectra in methods ‘This: is because, for 
TMO hydrate II, method 2 indicated that no change in TMO 
hydrate II occurred under pressure, while method 1 showed 
that the pellet spectroscopic sample contained more hydrate 
igethan thydrate, ET (Chapter 4 )i. 

Once it had been established that TMO hydrate I was 
unaffected by the pressure treatment, it was necessary to 
determine the factors which controlled the quality of the 
mid-infrared spectra of pellets. The temperature at which 
the pellet was made was determined by the facts that TMO 
hydrate I decomposes above -20.8°C while potassium bromide 


and cesium iodide flow more effectively to form pellets 
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as the temperature is raised. A temperature of -40°C 

was chosen. The thickness of the pellet was determined by 
numerous trials. It was found that pellets over 0.5 mm 
thick transmitted mid-infrared radiation very poorly, whereas 
pellets less than 0.3 mm thick transmitted very well but 
produced interference fringes in the spectra at the 

ie cm > resolution that was desired. This was most trouble- 
some at frequencies below 1000 cmt, and often disappeared 
at higher frequencies. However it was found that 0.35 mm 
thick pellets transmitted an acceptable level of mid-infra- 
red radiation without causing interference fringes in the 
Spectra, so this thickness was adopted. The pressurisation 
treatment is given in Section 2.5, and requires a pressure 

of 2500 bars. It was found that the use of less than 

2500 bars reduced the light transmission of the pellet, 
however the specific combinations of pressure and time given 
in Section 2.5 are probably not critical. 

One point which was critical was the amount of hydrate 
used in the pellet. It was found that using a very small 
amount of hydrate and employing the variable scale expansion 
option of the spectrophotometer gave much better spectra 
than were obtained with a larger amount of hydrate, since 
the latter resulted in unacceptably low background trans- 
mission in the spectra. 

Ideally the refractive index of the hydrate and the 


pelleting agent should be equal, since in that case light 
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passing from one to the other would not be scattered. The 
effect of a difference in refractive index was observed by 
comparing the spectra of TMO hydrate I in potassium bromide 
and cesium iodide pellets. The average infrared refractive 
index of TMO hydrate I was calculated to be about 1.48 from 
the refractivities of ice and liquid trimethylene oxide. 
The infrared refractive indices of potassium bromide and 
cesium iodide are close to their sodium-D line refractive 
indices, 1.56 and 1.79, respectively (85), and above 500 ae 
they are essentially constant since these compounds do not 
absorb in this region. The refractive index of the hydrate 
changes on passing through an absorption band (86), such that 
the value to high frequency of the band is less than the average 
value, and hence the difference between it and that of the 
pelleting agent is greater than the average value of the 
difference. The reverse is true on the low frequency side of 
absorption bands. Thus one expects more light scattering on the 
high frequency side of TMO hydrate I absorption bands than on 
the low frequency side for both potassium bromide and cesium 
iodide pellets, with the effect being more pronounced for 
eCesium iodide pellets. This effect was clearly observed 

in the spectra. The distortion of the bands for cesium 

iodide pellets was quite severe, whereas the distortion for 
potassium bromide pellets was only noticeable for the stronger 
bands, for which the change in refractive index is larger 


than for the weaker bands. It was, therefore, decided to 
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use potassium bromide as the pelleting agent. 

Another factor which was critical for obtaining the 
correct spectrum of TMO hydrate I from pellet samples was 
the dryness of the potassium bromide as the following 
facts and arguments show. Initially pellets were made 
with potassium bromide which had been pumped on a vacuum 
line overnight at room temperature and a pressure of about 
rae Torr. Part of the spectrum of such a pellet, contain=- 
ing no hydrate, which was made by the same technique used 
for making pellets containing hydrate, is shown in the 
lower box of Fig. 3.12 as curve A. It can be seen that the 
absorption due to the water molecules, centered at about 
3450 cmt, is extremely weak. The same region of the 
spectrum of a pellet containing TMO deuterate I, made with 
potassium bromide which had been dried in the same way, is 
Shown in Fig. 3.12, lower box, curve C. It is seen that 
there is a very strong absorption centered at about 3300 cm + 
which is not due to pure TMO deuterate I (Section 3.2). 

A broad absorption at this frequency is most probably due 

to the O-H stretching vibrations of hydrogen bonded water 
molecules. There are two possible sources of these 

hydrogen containing water molecules: extrinsic ice, and 
traces of residual water in the potassium bromide. The 

peak frequency of about 3300 cmt, compared to about 3220 cm” + 


for that of ice Ih (27), eliminates extrinsic ice as the 


possible source and indeed, this is confirmed by curve A 
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Fig. 3.12. Mid-infrared spectra of pellets containing no 
sample (curve A) and structure I trimethylene oxide deuterate 
(curves B and C). The potassium bromide used for the pellet 
of curve B was dried much more than that used for curves A 
and C. The maximum and minimum percent transmissions are: 
upper left box, B, 86, 17; C, 85, 25; upper right box, B, 81, 
~ay oy 92, sls Vower box, A, 55,°523 5B, 957, 29> Cy 69 nia. 
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of Fig. 3.12 which shows that extrinsic ice was not 
introduced in significant amounts into the pellet samples 

by the technique used. Thus it was concluded that the 
residual water in the potassium bromide must have been the 
source of the 3300 cm + absorption by the pellet containing 
the deuterate, even though the pure potassium bromide pellet 
showed extremely weak water absorption. 

The shift in the peak frequency and the enormous 
enhancement in intensity can be rationalised in the follow- 
ing way. It is shown in Fig. 3.8 that the band due to the 
isolated O-H stretching vibration, Voy (HDO) « in TMO 
deuterate I occurs at about 3300 cm}, This suggests that 
the H.0O molecules in the potassium bromide exchanged with 
the D,0 molecules of the deuterate to produce HDO molecules 
in the host lattice of the deuterate, presumably during the 
pellet preparation at -40°C. It is well known (87) that 
the O-H stretching vibrations of strongly hydrogen-bonded 
O-H groups absorb orders of magnitude more strongly than 
non-hydrogen-bonded O-H groups, and this undoubtedly . 
explains the enormous intensity enhancement. 

In addition to this isotopic exchange process, water 
in the potassium bromide can react with TMO deuterate I to 
form some TMO deuterate II. Evidence that this did, in 
fact, occur is shown by the absorption by V¢ of trimethy- 
lene oxide (Fig. 3.12, curve C, upper box), which was 


taken from the same spectrum as curve C of the lower box. 
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The strong band at 1033.5 cm ~ is due to Ve of trimethylene 
oxide in TMO deuterate I (Section 3.2), while the weak band 
at 1028.4 cm” corresponds to the absorption by V6 in 
TMO deuterate II (Chapter 4, Fig. 4.6). 
The proof that the residual water in the potassium 
bromide was the source of these effects, and the extent to 
which they were removed from the spectra to be presented 
is also shown in Fig. 3.12. Curves B were taken from a spectrum 
of a pellet, cantaining TMO deuterate I, which was made 
from potassium bromide which had been pumped on a vacuum 
line at a temperature of 175°C and a pressure of about 
10° >Torr for two days. It can be seen that the intensity 
of the Voy (DO) band has been reduced considerably, and 
that the TMO deuterate II band at 1028.4 om™+ has been 
essentially eliminated. Also shown in Fig. 3.12 is the 
absorption by V4 and Vi7- Curves B and C were taken from 
the same spectra as the corresponding curves in the other 
boxes. TMO deuterate II absorbs strongly in this region 


at about 990 cm 


(Chapter 4, Fig. 4.6) and the presence 
of some TMO deuterate II in the sample responsible for 
curve C is shown by the greater intensity of this band 
relative to that of the band at 976.9 cm > in curve C than 
in curve B. The residual intensity at about 990 om’ in 
curve B is, by comparison with the result for the Ve band, 


believed to be due to TMO deuterate I, which is known to 


absorb at this frequency (Section 3.2). 
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All of the spectra reported in this chapter were 
recorded on pellets which were made from potassium bromide 
which was at least as dry as that used for curves B in 
Fig. 3.12. Thus, slight residual contamination due to 
the water in the potassium bromide was present in the 
samples, but no influence of this contamination is observ- 
able in the spectra to be presented. 

The fragility of the pellet samples prevented their 
temperatures from being measured by the insertion of a 
sensing device into the pellet, and so the temperature of 
the cryo-tip, into which was screwed the sample holder 
containing the pellet, was measured using the platinum 
resistance thermometer at sensor temperatures above 20°K. 
It was therefore necessary to obtain a correlation between 
the temperature of the pellet and that of the cryo-tip. 
This was achieved, in conjunction with Frances Bates and 
Allan Clement, by attempting to deposit various gases onto 
a transparent potassium bromide pellet. The success of the 
deposition attempt was determined by a visual inspection 
of the pellet. The temperature below which a particular 
gas will deposit was calculated from a knowledge of the 
pressure inside the cell and the vapour pressure of the 
compound. The gases used, and the references for their 
vapour pressures, are methane (88), krypton (88), 
xenon (88) and carbon dioxide (88). Temperature correl- 


ations were obtained with the cell evacuated to a pressure 
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4 1 


of less than 10. Torr, with a pressure of about 10. 
Torr of air in the cell as a heat exchange gas and with a 
pressure of about 107> Torr of helium gas in the cell as 

a heat exchange gas. It was found that with the cell evac- 
uated to less than 1074 Torr, the temperature of the 

pellet did not drop below 95 +10°K, even when the tempera- 
ture of the cryo-tip was 4°K, as indicated by the fact that 
carbon dioxide would condense whereas xenon would not. It 
was also found that air was a more effective heat exchange 


uF 


gas than helium gas. With a pressure of 10 ~ Torr of air 


and a sensor temperature of 50°K, the temperature of the 


pellet was 62 +4°K, whereas with 1072 


Torr of helium gas 

in the cell, a cryo-tip temperature of about 20°K was 
required before the sample temperature reached 62 +4°K, 

as determined by the fact that krypton condensed but methane 
did not. At sensor temperatures below 45°K, the air exch- 
ange gas was condensed on the cryo-tip, and consequently 

the sample temperature rose to 95 +10°K. 

The temperature effects observed in the infrared spectra 
were completely compatible with these correlations. The 
spectra obtained with about on Torr of air inside the 
cell exhibited a reversal in the frequency and half-width 
trends of both the water and the guest bands after the 
temperature of the sensor dropped below 45°K. The result- 


ing frequencies and half-widths were about the same as those 


obtained at a sensor temperature of 100°K. The spectra 
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obtained with a pressure of less than 1074 Torr in the cell 
exhibited the same frequencies and half-widths for ali 
sensor temperatures below 100°K. Confirmation that these 
effects were due solely to a change in temperature and 
not due to a physical transformation taking place within 
the hydrate was obtained when, with a pressure of Las Torr 
of air in the cell, a similar reversal in the frequency and 
half-width trends was observed at sensor temperatures below 
45°K for a potassium bromide pellet containing naphthalene. 
All of the pellet spectra presented in this chapter 
were recorded using a cell containing about rons Torr of 
air. At sensor temperatures below 45°K, the sample 
temperature was taken to be 95 +10°K, and at sensor 
temperatures of 50, 75, 85, 125, and 175°K, the sample 
temperature was taken to be 62 +4, 80 +5, 90 +5, 125 +10 
andi] 5 st 10°K; 


1 of TMO 


The infrared spectrum from 300 to 4000 cm 
hydrate I in a potassium bromide pellet at 95 +10°K is 
shown in Fig. 3.13, and that for TMO deuterate I in a pot- 
assium bromide pellet at 95 +10°K is shown in Fig. 3.14. 
The spectrum labelled A in Fig. 3.13 is of a sample of 
TMO hydrate I containing 10 mole percent of HDO, while the 
sample of curve B was made from normal water. The regions 
of curve A which are not included in curve B are identical 


in the normal and the isotopically substituted samples. 


Both the spectra labelled A and B in Fig. 3.14 were recorded 
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for samples of TMO deuterate I made from 99.7% Do0. However, 
as discussed earlier in this chapter, the incorporation of 
a small amount of HDO from the water in the potassium 
bromide was unavoidable, even for the most stringently 
dried pellet samples, and so these samples contained about 
7 (curve A) and 12 (curve B) mole percent of HDO (Section 
32302) 

The spectra shown in Figs. 3.13 and 3.14 were recorded 


at a resolution of better than 5 cm between 300 and 650 


cmt, and better than 2.5 cm™ > between 650 and 4000 cm”), 
The frequencies of the observed features at 95 +10°K are 
listed in Table 3.2, with their estimated accuracy and the 
assignment. The temperature dependence between 175 and 
62°K of the frequencies, half-widths and peak heights of 
the bands due tO Vop (D509) » Vp (D290), Voy (HPO) . Vop (HDO) « 
guest modes in TMO hydrate I, and guest modes in TMO 
deuterate I are listed in Tables 3.3 to 3.6 and are shown 
in Figs. 3.15 to 3.20 respectively. 

The bands due to Vp (H20) and Vou (22°) are not partic- 
ularly well defined in Fig. 3.13, and were not observed 
well in pellets, for reasons given in the next section. 
Nevertheless, the spectra of TMO hydrate I and TMO deuterate 
I in mulls (Figs. 3.4 and 3.5, Table 3.1) and pellets 
(Pigs-75.13 and 3.14, Table 3.2) are sufficiently similar 
to leave no doubt that the sample did not change while be- 


ing pressed into pellets. Special features of the pellet 
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Table 3.2 


Frequencies of the Observed Features 
in the Mid-Infrared Spectra of 
Structure I Trimethylene Oxide Hydrate and 


Deuterate in Potassium Bromide Pellets at 95°K? 


TMO Hydrate I Assignment TMO Deuterate I 
v/em + v/em > 
~3438 sh 
3263 +20 vs, br Voy (H20) 
~3122 sh 
Vox (DO) 3298 +5 ms 
3018 +2 mM Vig (TMO) SOT. ee m 
2932; £2 ms Vv, (EMO) 2983.19 SL Tm 
2x Vy4 (TMO) ? 2973 +2 sh 
2946 +2 Ww Vo9 (TMO) 2948 +2 Ww 
2931 #3. sh Vg (TMO) 2930 +2 vw 
2888 +2 s V4 3 (EMO) 2609). OF Ss 
~2494 sh 
2437. 215 VS ,Dzr 
Mopar ~ 2367 sh 


~2309 sh 
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TMO Hydrate I Assignment TMO Deuterate I 


v/em > eas 
~2550 sh Vop (HDO) 


: BVH 0); 
~2432 sh Rie 


Vo (H50) + Vp (H50) & 


2443 +5 Siar 


~2425 sh Vop (HDO) 
~2400 sh 
SV2(H-O), 
2248 +10 m R 
Vz (H,0) + vp (H50) 
1645 +10 s, br Vo (H50) 
SV=(D.O)7, 
ae 1634 +10 m 
Vz (D,0) + vp (D50) 
1500 +20 vw Vz (HDO) 1500 +10 vw 
145604) 4005. m | V/V 14 (TMO) 14573) 0S mn 
1339 +2 ww Vg (TMO) 1340 +2 vw 
1262322 © vw V4 9 (TMO) 1283 +2 vw 
1244.0 +0.5 m V6 STO) 1243.5 +1 Ww 
Vo (D0) 12250005 ms 
1203.1 tl w V1 (EMO) 1204 +4 vw 
113726 740.5 m Vo (TMO) 1136.9 40.5 m 
1033.8 +0.5 m Vg (TMO) 1033.5 +0.5 m 
990.3 +1 sh 989.4 +1 sh 
Va/V 47 (TMO) 
B79 Sat0 55s 978.1 40.50) vs 


968 +2 sh 


TMO Hydrate I Assignment 
v/em + 

940 +5 sh Vig (TMO) 

901 +5 sh Ve (TMO) 
Va9 (TMO) 

829 +5 vs, br Vp (450) 

716 +5 sh V3 (TMO) 
Vp (D20) 

616 +5 vw 

577 +20 vw Vp (H50) | 

498 +15 WwW 


a) vs = very strong, s = strong, ms 


m = medium, w = weak, vw = 
sh = shoulder. 


TMO 


940 
905 


844 


~670 
615 


445 +t 


413 


L3t 


Deuterate I 


v/om > 
Pe Wie 2a b m 
2 TtU oes 
AGS ab W 
sh 
25 vs, br 
+10 Vw 
+10 Vw 


medium-strong, 


very weak, br = broad, 
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Table a} 


Temperature Dependence of the Vop (P20) 
and Vp (D590) Bands in the Mid-Infrared 
Spectrum of Structure I Trimethylene Oxide 
Deuterate in Potassium Bromide Pellets® 


Peak | b Peak 
Temp. Vp (D0) Av, Height Vop (P29) Avy. Height 


i Ay fa: 613 115 0.310 2449 266 0.803 
25 614 108 02367 2440 260 0.870 
95 615 TOD 0.386 2437 259 0.886 
80 616 100 0.410 2434 258 0.918 
62 617 99 0.427 2428 256 0.939 


a) The units are: °K for temperature, cm > for v and 
I 
Avy. absorbance (1053, 2°) tor peak height. 


b) Av, is the full width of the peak at half height. 
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Table 3.4 


Temperature Dependence of the Voy (HDO) and 
Vop (HBO) Bands in the Mid-Infrared Spectra 
of Structure I Trimethylene Oxide Deuterate 


and Hydrate in Potassium Bromide Pellets? 


iB Peak b Peak 
Temp Voy (HDO) ay Height V op (HDO) Avy Height 
Lav s' Si cyibal 163 ORO), 2448 92 Or 138 
125 3302 159 0.5230 2444 87 Obs A eKe: 
5 S298 1K) 0.241 2443 87 Og) 
80 3298 1-50 O15 254 2443 86 OTL 
33109 
62 ea 150 Or.2 641: 2442 85 Orn 7,9 


a) The units are: °K for temperature, cm FOr Fang Avie 
iL 2 
absorbance (10949 = for peak height. 
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Table 3.5 


Temperature Dependence of Guest 
Features in the Mid-Infrared Spectrum 
of Structure I Trimethylene Oxide 


_Hydrate® in Potassium Bromide Pellets 


| 5 Peak b Peak 

Temp. Vo/V19 Avy Height V¢ Av, Height 
175. 981.0 ANA) 0.236 1034.6 Sen 0.051 
25 9807.2 8.4 0.284 1034.2 cigs 0.079 
95 979.65 7.6 Oess9 1033.8 2 0.102 
80 979.0 7.4 0.366 1033.6 2, 0.109 
62 375.5 TS 0.374 1033.4 2.6 QO.119 

b Peak Peak 

Temp. Voq Av, Height V6 ae Height 
175 1137.8 4.3 0.022 1241.1 925 0.020 
125 1 6 Kis a fn) 3.4 0.038 124351 6.8 0.036 
fe na is w/a 363 0.050 1244.0 a7 | 0.057 
80 1137.6 Slee 0.055 1244.3 4.9 0.065 
62 1137.6 oie 0.061 1244.8 4.4 0.081 
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‘ Peak 
Temp. Val 14 Av, Height 
175 1456.2 6.2 0.025 
Lo 1456.3 5 0.028 
95 1456.4 4.9 0.040 
80 1456.4 4.8 0.040 
62 1456.5 4.6 0.047 


a) The units are: °K for temperature, cm + for v and Avy 
I 
absorbance (1053, =) for peak height. 


b) Avy is the full width of the peak at half height. 


‘ 


+< 4 1 es 


Temp. 


175 
125 
a5 
80 
62 


Table 3.6 


Peak 
Height 
0.104 
0.163 
0.203 


0.248 


0.285 


Peak 
Height 
0.419 
0.519 
O2622 
0.673 
0.695 


1034.2 
1033.8 
1033.5 
1033.2 
1033.0 


Av 
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Temperature Dependence of Guest Features in the 
Mid-Infrared Spectrum cf-Structure I Trimethylene 


Oxide Deuterate in Potassium Bromide Pellets? 


Peak 
Height 
0.013 
0.029 
0.044 
0.064 
0.084 


Peak 
Height 
0.064 
0.093 
0.114 
G35 


0.146 


Temp. 


175 
125 
95 
80 
62 


Temp. 


75 
| beds: 
a 
80 
62 


Temp. 


175 
125 
35 
80 
62 


oT 


1137.5 


a Ra Be Tat 
TEAG6.09 
Nea Rey eat) 
er ss..0 


¥13 


259.8 
2890.0 
2889.0 
2887.4 
ZOO. 2 


Vv 


1 


Pas bs ilo) 
2952 09 
2980 oe) 
2933.67 
2984.1 


10.8 


Peak 
Height 
0.023 
0.035 
0.050 
0.059 


0.069 


Peak 
Height 
On 1L0L 
0.134 
O.151 
Oe Lo7 


0.216 


Peak 
Height 
0.043 
0.057 
0.067 
0.083 


0.097 


Val 14 


1456.8 
1457.1 
1457.3 
1457.4 


1457.6 


$0187.33 
3017.9 
3017.1 
3016.9 
3016.3 


Peak 
Height 
0.030 
0.043 
URS! 
0.064 


0.072 


Peak 
Height 
0.003 
0.008 
05012 
0.021 


0.032 


Peak 
Height 
0.013 
0.020 
0.023 
0.032 


0.037 
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b ‘Peak S Peak 

Temp. ‘16 aE Height Vo9 Avy Height 
95 1243.5 ——- ——— 844.0 —— 
90 1244.5 —- ———— 844.1 —— 


62 1245.1 4.4 ——— 844.9 10.7 


a) The units are: °K for temperature, cm for v and Av 
I 


ce at 
absorbance (1054, °) for peak height. 


I 
b) Av, is the full width of the peak at half height. 
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PalGaa 3.15). ~The Vop {P O) (left box) and Vp (D0) (righerbox) 
bands of structuré I “trimethylene oxide detiterate dispersed 
in a KBr pellet at 62, 80, 125 and 175°K. The maximum and 
minimum percent transmission of the 62°K band and the raised 
offsets (in parenthesis) of the 80, 125 and 175°K bands are 
respectively: left box, 95, 10 (11, 24, 34); right box, 88, 
Somes eG ee). 
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Fig. 3.17. The guest bands of structure I trimethylene oxide 
hydrate dispersed in a KBr pellet at 62, 80, 125 and 175°K. 
The maximum and minimum percent transmission of the 62°K 
bands and the raised offsets (in parenthesis) of the 80, 

125 and 175°K bands are respectively: Voz S2E VPs peas 2s 


Va/Vy 4" 69, 56 (3; 4, Sie Vi67 83, 68 (So; a; ie ee Va/Vy 7" 
Pepeeeitit, 23, 31); v., 82, 62017, 12, 15). 
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Fig. 3.18. The C-H stretching bands of structure I tri- 
methylene oxide deuterate dispersed in a KBr pellet at 62, 
80, 125 and 175°K. The maximum and minimum percent trans- 
mission at 62°K is 73 and 44, and the raised offsets at 
80, 125 and 175°K are 16, 12 and 15 percent transmission 
respectively. 
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Fig. 3.19. The non-ring bands of structure I trimethylene 
oxide deuterate dispersed in a KBr pellet at temperatures 
between 62 and 175°K. The maximum and minimum percent 
transmission of the 62°K bands and the raised offsets (in 
parenthesis), in order of increasing temperature, for the 
bands at higher temperature are: V)¢_, G70 59 «(A 19, a4): 


Vo1' TS pe C2034, 15:58 6)* Voo" Sy Tih )e ValVi4r 86, 72 
(45 737 9)i- 
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Fig. 3.20. The ring bands of structure I trimethylene oxide 
deuterate dispersed in a KBr pellet at 62, 80, 125 and 175°K. 
The maximum and minimum percent transmission of the 62°K 
bands and the raised offsets (in parenthesis)of the 80, 125 
and 175°K bands are respectively: Ver 87, 45 (12, 20 f824)7- 


Vig Sate 73) (4-8 Ll); Vv 825-5 CLOT. 7 22 ee 
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Spectra are discussed in the remainder of this chapter. 
The spurious band at about 1025 cmt, discussed in 
Section 3.1, was less evident in the pellet spectra than 
in the mull spectra. It has been ignored. 
3.3.2 Absorption by the Water Molecules 
In order to observe the features of the Voy (229) 
band with the correct relative intensities, as shown in 
Fig. 3.6, and to observe the temperature dependence of the 
band, a pellet containing an extremely small amount of 
TMO hydrate I was prepared. The resulting spectrum clearly 
showed the presence of TMO hydrate II. This amount of 
TMO hydrate II, which resulted from the residual water in 
the potassium bromide (Section 3.3.1), was normally insig- 
nificant in comparison to the amount of TMO hydrate I 
present. Unfortunately this was not the case when such 
a small amount of hydrate was in the pellet. Therefore it 
was decided not to present a figure showing the temperature 
dependence of this band, which was, however, qualitatively 
Similar to that of the Vop (P29) bands: (fig. e315) gine that 
the features were broad at 62°K and broadened further with 
increasing temperature. The frequencies reported in 
Table. 3.2) for Voy (42°) were obtained from samples which 
absorbed too strongly to yield the correct relative inten- 
sities, but which gave consistent frequencies of the features. 
The temperature dependence of the band due to Vop (P29) 


is shown in Fig. 3.15. The band changes from being fairly 
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symmetric with a peak frequency of about 2449 cm? and a 


hautovdetaoseaboutt2664cenee 


at 175°K, to being asymmetric 
with a well resolved high frequency shoulder, a peak 
frequency of about 2428 cm + and a half-width of about 

256 cm ~ at 62°K (Table 3.3). The band at 95°K (Fig. 3.14) 
is essentially Pdentacal ftothatkeseenrannthe smase (Piaget sac) 
except that its peak frequency is 9 cm + higher (Tables 
Swiraandus.2)JleThis! shiftvis smallvrelative)/tosathesbreadth 
of the peak and similar small, in this sense, shifts to 
high frequency were noted for many of the bands in the 
spectra of pellets (Tables 3.1 and 3.2). They are attrib- 
uted to opposite reflection and scattering effects (Section 
3.3.1) in the pellets than in the mulls, since the refract- 
ive indices of the mulling agents are between 1.29 and 1.38 
(85) and are, thus, lower than that of the hydrate and 

much lower than that of potassium bromide (85). The 
frequencies of the high frequency shoulder and the two low 
frequency shoulders on the Vop (P20) bandmate S Kesha bide. 32) 
agree well with those obtained from a mull ( Table 3.1) 

The broad band due to V5 (H50) Se ShOwneri ne Pag) ee 
ferextends from 1275) tor1950 enue and has a peak frequency 
of 1645 +10 cm! and a half-width of about 295 cm? at 
we Wea(Table sG..2).° A’ broad, ea: shoulder is observed at 


(Fag 3.013) Tiwhech isa lsempuesent wank IMO 
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occurs at the same frequency in both the hydrate and deuter- 
ate spectra makes its assignment to a real feature of the 

V2 (H,0) band impossible. The sharp absorption at 1456.4 cm72 
and the very weak bands at about 1339 and 1283 cm7? 

(Fig. 3.13) are due to the guest. The exact contour and 
peak frequency of the Vo (H50) band were not clearly defined 
by the mull spectra, and so the pellet spectra have provided 
additional information. The band due to Vo (D50) ina 
petleteatrgseK (Fig.”3.14) Table 3.2) is essentially 
identical to that observed in the Spectra of mulls (Fig. 3.5, 
Table sen) x The temperature dependence of these bands was 
not studied. 

The detailed study of the Vp (H50) band (Figt) 3013)2 in 
the pellets encountered the difficulty described above for 
the Von (H°) band. Thus the details near the band maxima 
(Fig. 3.4) were not well defined in the spectra of the 
pellets, and the detailed temperature dependence of this 
band will not be given. However, the features near the 
peak of the band became less well defined as the temperature 
was raised to 175°K, so the top became smoother and more 


1 at 95°K 


symmetrical. The band maximum is at 829 +5 cm 
(Fig. 3.13), 10 cm + higher than in the spectra of mulls 
because of reflection and scattering effects (see above). 
The half-width at 95°K is 175 om *, in good agreement with 


the value obtained from the mulls. The broad, weak features 


at 616 and 577 cm /, which were seen in the spectra 
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of the mulls (Fig. 3.4, Table 3.1), are confirmed in the 
spectra of the pellets (Fig. 3.13, Table 3.2), but the 
features at 525 and 502 cm (Figs. 44 Tablé.3.) sare 
replaced by a single broad band at 498 +15 cm = (Rigwess. 13, 
Table 3.2). 

The temperature dependence of the Vp (D250) band is 
shown in Fig. 3.15. This broad band with a peak frequency 


1 


of 613 cm and a half-width of 115 cm~ at 175°K, sharpens 


on cooling to 62°K to a band with a peak frequency of 


uA 


617 cm 1 and a half-width of 99 cm (Table, 3% 3)... saThe 


presence of the high frequency shoulder at 670 cm + at 
95°K (Figs. 3.7 and 3.14) was more evident at lower 
temperatures. Broad, weak features were seen in the spectra 


of mulls at 451, 420 and 375 cm 2 


(Table. 3.1)... Tnestirst 
two are confirmed in the spectra of the pellets (Table 3.2, 
Fig. 3.14). but the third very weak one could not be 
clearly identified. This may be because this spectral 
region shows the effects of the changing refractive index 
of, and absorption by, the potassium bromide. 

The broad band assigned to 3V, (H50) and Vp (H50) + 
Vo (H50) is rather better defined in the spectra of the 
pellets than in those of the mulls, because of the absence 
of the weak absorption by the mulling agents. The peak 
occurs at 2248 cm + (Fig. 3.13, curve B, Table 3.2), 
3 emt higher than in the spectra of the mulls, with a 


half-width of about 300 eaaee A definite, broad shoulder 
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is observed at about 2432 cm with a second shoulder poss- 
ibly at 2620 to 2670 cm +. ‘The shoulder at about 2432 cm? 
coincides with the Vop (HDO) band (Fig. 3.13, curve A, Table 
3.2) within measurement error, but its intensity appears 

to be too great for it to arise from the 0.03 mole percent 
of HDO molecules in normal water. If it is a genuine 
feature of the overtone and combination band, it would be 
expected at about 1770 cm in the spectrum of the deuter- 
ate. Unfortunately the overtone and combination band is 
very weak in the spectrum of the deuterate and it was not 
possible to obtain good spectra from a pellet which con- 
tained enough deuterate to yield a sufficiently intense 
Bandetolenableithes presence of a shoulder at 1770) cms>to. be 
observed. Thus, the assignment of the shoulder at about 
2432 cm > to a feature of the combination and overtone 

band must remain unproved. The band due to 3V, (D50) and 

Vp (D509) + Vo (D50) in the spectra of the deuterate in pellets 
is seen rather more clearly than in the spectra of mulls, 

at about 1634 cm (Fig. 3.14, Table 3.2), with a half- 
width of about 85 ome. The temperature dependence of 

these bands was not studied. 

The temperature dependence of the band due to Voy (HBO) 
is shown in Fig. 3.16. The symmetric band at 175°K with 
a peak frequency of 3311 cm™+ and a half-width of 163 cmt 
becomes a slightly asymmetric band at 62°K with a peak 


a: -l 
frequency of 3309 cm o a shoulder at about 3280 cm ', and 
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a total half-width of 150 cm? (Table 3.4). Since this 
band arose from the residual water in the potassium bromide, 
it is necessary to compare it to the Voy (HDO) band 
observed in the spectra of mulls, in order to obtain an 
estimate of the concentration of HDO molecules. Comparison 
of the peak height of this band in the spectra of pellets 
and mulls, relative to the peak height of the Vz/V17 guest 
band, showed that the molar concentration of HDO molecules 
in the sample used for Fig. 3.16 was 10%, and in the sample 
used for curves A and B of Fig. 3.14 were 7 and 12%, respect- 
ively. The peak frequency of this band in the pellet 
spectrum at 95°K (Table 3.2) is the same as that obtained 
from a mull (Table 3.1). 

The temperature dependence of the band due to Vop (HPO) 
is shown in Fig. 3.16. The featureless band at 175°K with 
a peak frequency of 2448 cm™+ and a half-width of 92 cm 
becomes an asymmetric band at 62°K with a peak frequency 


i} 1 


of 2442 cm ~~ and a half-width of 85 cm (Table 3.4). 


Below 125°K, three shoulders become apparent: a high fre- 


quency shoulder at about 2550 cmt, a shoulder at about 


1 


2425 cmt, about 18 cm ~ to low frequency of the band 


maximum, and a very broad shoulder centered at about 


2400 cH The frequency of the band maximum reported 


from the spectra of mulls (Table 3.1) is within 4 cm™+ of 
the one obtained from the pellet at 95°K (Table 3.2). 


A comparison of the Voy (HD) band obtained from the 
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mulls (Fig. 3.8) with that from pellets (Fig. 3.16) shows 
that the distinct asymmetry of the band obtained from the 
mulls, due to the low frequency shoulder at about 3237 cm™-, 
is absent at all temperatures in the band obtained from 
the pellets. Also, this asymmetry is essentially absent 
in the Vop (HDO) band obtained from the mulls (Fig. 3.8). 
Thus, it is probable that the low frequency shoulder on 
the Voy (HDO) band obtained from the mulls is a result of 
reflection and scattering effects. Such effects have been 
previously noted (27) for the corresponding band of HDO 
ice. A shoulder at about 3280 cm7+ is seen on the Voy (HDO) 
band (Fig. 3.16) at 62°K, and this corresponds to the 
shoulder at about 2425 om7+ on the Vop (HDO) band at temp- 
eratures: below l25°Kia(Fig. 34:16). “Thenlatter shoulder 
could not be definitively indentified in the spectra of 
mulls, but the spectrum (Fig. 3.8) is consistent with the 
existence of a shoulder at about this frequency. Finally, 
the very weak shoulder at about 2550 cmbauonethe Vop (HDO) 
band obtained from the pellets (Fig. 3.16) was not present 
on the Vop (HDO) band in the spectra of the mulls (Fig. 3.8); 
and also a corresponding shoulder on the Voy (HDO) band 
obtained from the pellets (Fig. 3.16) was absent. Thus, 
the assignment of this shoulder to a real feature of the 
band must remain tentative. 

The only remaining absorption by water molecules is 


centered at 1500 ona in spectra of hydrate and deuterate 
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samples containing about 8 mole percent (Fig. 3.13, curve A) 
and about 12 mole percent (Fig. 3.14, curve B) of HDO, and 
became weaker at lower HDO concentrations (Figs 3.4 3,0cunve 
Ber Pigs 4, curve A). It is assigned to Vo (HDO) . 
3.3.3 Absorption by the Trimethylene Oxide Molecules 

The bands due to trimethylene oxide absorption in the 
spectra of TMO hydrate I in potassium bromide (Figs. 3.13, 
St Sigits 170 CO, 8.20) are essentially identical to those in 
enevepeccra ofymul lsu(Figs.as. 4,2:3% 549 3. 9Vto 3d An 
exception is that the C-H stretching bands of TMO hydrate 
I are resolved much more clearly in the spectra of pellets 
(Fig. 3.13) than in the spectra of mulls (Fig. 3.4). These 
bands are superimposed on the broad O-H stretching band, 
and it is believed that different reflection and scattering 
effects in the mulls and pellets are the source of this 
difference. A further exception is that the very weak 
band due to Ve at about 1340 em? in the spectra of pellets 
(Table 3.2, Figs. 3.13, 3.14) was not observed in the 
spectra of the mulls. The weak v,, band at 831.2 om + in 
the spectrum of the deuterate (Table 3.1, Figs. 3.5, 3.10) 
could not be clearly observed in the spectra of the pellets, 
because of overlapping, weak absorption by Vp (HDO) . The 
frequencies of the guest absorption in the spectra of the 
pellets at 95°K (Table 3.2) are the same as in the spectra 


of the mulls (Table 3.1) within experimental error, with 


the exception of those of the very strong bands due to 
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: higher 


Vz/V,7 at about 978 cm, which are 1.3 to 1.4 cm. 
in the spectra of the pellets. As was discussed in Section 
3.3.2 for the water absorption, this difference is undoubt- 
edly due to reflection and scattering ereeer se 

The frequencies of the guest absorption in pellets by 
the hydrate are the same as those by the deuterate at 95°K 
(Table 3.2) within experimental error, except for those 
of the strongest guest band, due to Va/Vy78 which differs 
by 1.4 cmt, with the hydrate band to high frequency. This 
band is superimposed on the high frequency tail of the 
Vp (H50) band in the spectrum of the hydrate, and this is 
undoubtedly the cause of its higher frequency. 

The temperature dependence of the medium and strong 
trimethylene oxide absorption bands of TMO hydrate I is 
shown in Fig. 3.17, and the frequencies, half-widths and 
peak heights are listed in Table 3.5. The temperature - 
dependence of the absorption by the C-H stretching vibrat- 
ions in the spectrum of the hydrate was not studied, and 
the other bands which are not included in Fig. 3.17 and 
Table 3.5 are either too weak to yield useful results or 
are shoulders which did not develop into peaks with 
decreasing temperature. The temperature dependence of all 
except the very weak guest bands of TMO deat ate I are 
shown in Figs. 3.18 to 3.20 and the parameters are listed 
in Table 3.6. The temperature dependence of the frequencies 


of the guest bands was determined by measuring the band at 
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each temperature with respect to the same fiducal marker. 
When the bands were sharp and well defined, their frequen- 
cies could be measured in this way with a precision (repro- 
ducibility) of +0.2 cm below 2000 chic vandet O04 eons 


above 2000 cm >, However the accuracy of the frequencies 


depends on the accuracy with which the frequency of the 
fiducial marker is known, and this is only +0.5 cm + below 


2000 oa and itl Cie above 2000 Ge 


The first point to note is that no marked changes occur 
for any of the guest bands between 175 and 62°K. All of 
the bands become sharper and increase their peak heights 
upon cooling, and seven bands decrease their frequencies 
while five increase their frequencies on cooling. No clear 
Signs of abnormal behaviour between 125 and 75°K are evi- 
dent. Several shoulders become clearly evident in the 
spectra on cooling the samples towards 62°K. These may be 
seen at 2912, 2973, 2978 and 3000 em Ln (E10 6a3.. 20 eau 
Miedecnis an Figs. 3-17 andi3.194 and at 696 andugaelems 
in Fig. 3.20. In all cases, their increased prominence 
at the lower temperatures appears to be a consequence 
simply of the decreased half-width of the neighbouring 
bands. Certain bands show slightly different temperature 
dependence in the spectra of the hydrate and deuterate. 
The frequencies of the bands due to V4/Vi4 and Vo, are 
essentially independent of temperature in the spectra of 


the hydrate, while that of Voq decreases slightly, and that 


- ee 
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of v,/v,, increases by 0.8 om, on cooling the deuterate 
from 175 to 62°K. More noticeably, the shoulder due to 
Vz/V17 at 990 cm! remains a shoulder as the hydrate is 
cooled to 62°K (Fig. 3.17), while it develops into a definite 
peak when the deuterate is cooled to 62°K (Fig. 3.20). The 
cause of these differences is undoubtedly the water absorp- 
tion which underlies ValVia4 and Va/V 44 in the spectrum of 

the hydrate and Vol in the spectrum of the deuterate (Figs. 
Sass. ue). For she Va/V 317 band of the deuterate, the 


1 at 62°K from the shoulder 


emergence of the peak at 989.7 cm 
observed at the higher temperatures (Fig. 3.20) appears to 
be solely a consequence of the smaller half-widths of the 
bands at the lower temperature. 

The trends of the frequency changes with temperature 
for the bands due to VG and Vo9 (Table 3.6) in the deuterate 
spectrum are considered to be reliable, although the 
absolute values of the frequencies at the higher temperat- 


ures are difficult to measure due to the broad, weak nature 


of these bands. 


3.4 Powder X-ray Diffraction Pattern of Structure I 
Trimethylene Oxide Hydrate 


Powder X-ray diffraction photographs were taken of 
all samples of TMO hydrate I and TMO deuterate I to ensure 
that the correct phase had been obtained and to determine 
its purity. The two best photographs of different samples 
of TMO hydrate I were each measured twice to determine the diff- 


raction parameters. The inside and outside diameter of each 
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diffraction circle was measured with an accuracy of +0.1 mm. 
This data was Supplied to the programme POWDER, written in 
this laboratory by S. Sunder, which calculates the mean 
diameter of each circle, the corresponding 260 value of the 
Per lectton and the interplanar spacing, d. Thus, ,tour 
sets of 26 and d values were obtained. 

The 26 and d values were indexed using the relation- 
Saiperor a Cubic system, 


h? + ee + ie ‘ 


am 

a r a? 
where h, k and 1 are the Miller indices, d is the value 
of the interplanar spacing and a is the unit cell parameter. 
An approximate value for the unit cell parameter, obtained 
during the indexing procedure, was refined for each set 
of data using the programme DREFINE (89). This programme 
accepts the indexed experimental 26 values, the initial 
set of unit cell parameters and the wavelength of the 
X-ray radiation, and then refines -these unit cell parameters 
by a least squares method until an optimum fit between the 
calculated and experimental 28 values is obtained. Four 
values of the unit cell parameters were obtained in this 
Way and averaged to yield the value 11.95 +0.02 A, where 
Wad Os A indicates the range of the values obtained. 

The powder X-ray diffraction pattern of TMO hydrate I 
Pre 00mt20°K as given in Table.3. J. gine weal cu vated si iiens 


sities (46) were determined from the structure factors of 
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fable 3.7 


Powder X-ray Diffraction Pattern 
of Structure I Trimethylene Oxide 


Hydrate at 100 £20°K 


€alculatea® Caiculatea”’ a Calculatea”’ a Observed’ qa Observed°* a Observed 
°o 

Index Intensity da Spacing (A) 20) (2) 28 (2) @_ Spacing (A) Intensity 
Bet. 14 8.450 10.47 10.51 (3) 8.42 (2) 47 
200 2 5.975 14.83 

21¢ <0.01 5.344 16.59 16.63 (1) 5.331 (4) 4 
211 19 4.879 18.18 18.19: (2) 4.878 (6) 12 
220 5 4.225 21.03 21.00 (7) 4.23 (1) 6 
310 12 3.779 23.50 23.56 (2) 3.776 (4) 25 
222 49 3.450 25.83 25.81 (3) 3.452 (4) 63 
320 54 3.314 26.90 26.90 (5) 3.315 (6) 74 
321 100 3.194 27.94 27.96 (5) 3.191 (6) 100 
406 9 2.987 29.91 29.88 (1) 2.990 (2) 14 
410 23 2.898 30.85 30.86 (4) 2.897. (4) 22 
41i 

at 11 2.817 31.77 31.80 (3) 2.814 (3) 12 
426 6.7 2.672 33.54 

423 10 2.608 34.39 34.38 (4) 2.608 (3) 21 
332 5 . 2.548 35.23 35.25 (8) 2.546 (6) 8 
422 0.7 2.439 36.85 ; 

436 2.5 2.390 37.63. 37.58 (6) 2.391 (4) 6 
ety 2.3 2.344 38.41 38.43 (5) 2.342 (3) 5 
ase 8.6 2.219 40.66 40.64 (2) 2.220 (1) 17 
521 1.2 2.182 41.38 

440 0.04 2.112 42.81 

acer 28 2.049 44.19 44.16 (2) 2.051 (1) 29 
531 8.3 2.020 44.87 

re 6.4 1.992 45.54 45.52 (3) 1.992 (1) 7 
610 2.4 1.965 46.21 

Saat 13 1.939 46.87 46.83 (4) 1.940 (1) 12 
620 3.0 1.889 48.16 

540 48.80 

ast 2.5 1.866 


-plate camera, calculated from I «[(l + cos*26) /sin*6cosé]cos26pF*, 


flat 
A nab blal aps balbenlerpe Age A d F is the observed structure factor from (36). 


where p is the multiplicity factor an 


° 
b) Calculated from a = 11.95 A 
6) The average of four measurements. 
last figure. 


The figure in parenthesis is the standard deviation in the 


° 
&@) Cu Ky radiation, wavelength = 1.5418 A. 
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ethylene oxide hydrate at -25°C (36), and the observed 
intensities were measured as peak heights on microdensito- 
meter traces. The calculated 26 and d values were obtained 
by supplying the programme 2THETA, written in this labora- 
tory by R. J. Lamont, with the averaged unit cell parameter 
given above and the wavelength of the X-ray radiation. The 
observed 20 and d values are averages of the four sets of 
values obtained from the photographs. 

The powder X-ray diffraction pattern of TMO deuterate I 
was identical with that given in Table 3.7, within experi- 
mental error. 

For comparison purposes, X-ray photographs of ice and 
solid trimethylene oxide at 100 +20°K were also obtained. 
The diffraction pattern of.ice is well known (82) and will 
not be reproduced here, but that of trimethylene oxide has 
not been reported previously. Thus, the 26 and d values 
of the observed diffraction lines (Cu Ky radiation, wave- 
length 1.5418 A) are presented in Table 3.8 for solid 
trimethylene oxide at 100°K. The unit cell size and the 
space group are not known, and no attempt was made to index 


the observed pattern. 
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2.120 
2.160 
ye EF: 
2.407 
2627, 
3.000 
3.174 
3.554 
3.912 
4.387 


a) s= 


last figure quoted. 


of Trimethylene Oxide at 100 +#20°K 


(1) 
(1) 
(1) 
(3) 
(1) 
(0) 
(1) 
(6) 
(0) 
(1) 
(1) 
(4) 


Table 3.8 


Powder X-ray Diffraction Pattern 


Observed 


46.892 
45.86 
45.12 
42.64 
41.82 
41.26 
37.35 
34.13 
29.78 
25 
25.054 
22.734 
20.24 


strong, m = medium, w = 
b) The d spacing and 28 values are the averages of two 
measurements of one photograph. 
parenthesis is the deviation from the mean in the 
Cu Ky radiation, wavelength 


o 
1.5418 A, was used. 


26 (°)> 


is) 
(4) 
(2) 
(7) 
(3) 
(0) 
(2) 
(6) 
(0) 
(6) 
C7) 
(2) 
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Chapter Four.! -.Mid=Infrared spectra, ofe Structure git 
Trimethylene Oxide Hydrate 


4.1 General 

The results of the study of the mid-infrared spectra 
of TMO hydrate II will be presented in this chapter. The 
spectra obtained from samples dispersed in mulling agents 
are considered to be reliable since they were obtained 
uSing a well established technigue (48, 49) 25 Invcontrasec, 
the spectra obtained from potassium bromide pellets con- 
taining TMO hydrate II are considered to be suspect from 
a comparison with the spectra of mulls, and therefore 
they will only be mentioned briefly in this chapter. The 
general comments of Section 3.1 concerning the mulling 
technique are equally applicable to the work presented in 
this chapter. The mid-infrared spectrum of TMO hydrate II 
was not studied in the same detail as the spectrum of 
TMO hydrate I; however the results presented here are 
believed to be accurate and attention will be drawn to 
any uncertainties that exist. 

It was concluded in Section 2.1 that the level of 
impurities in the commercial trimethylene oxide that was 
used was insufficient to cause an observable effect in 
the spectra of the hydrate. The remaining possible 
sources of contamination are intrinsic ice, extrinsic 


ice, solid trimethylene oxide and TMO hydrate I. 
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Inspection of the trimethylene oxide-water phase diagram 


(Fig. 1.3) shows that during the preparation of TMO hydrate 


II (Section 2.2), ice is formed first, followed by a mix- 
ture of TMO hydrate II and TMO hydrate I. In order to 
remove this intrinsic ice, the samples were annealed at 
-18°C for about two weeks to allow the ice to react with 
the TMO hydrate I, which is unstable at this temperature, 
to give TMO hydrate II. Further inspection of the phase 
diagram (Fig. 1.3) shows that a slight excess of water 
would result in intrinsic ice remaining after the anneal- 
ing process. Although the trimethylene oxide and water 
were carefully weighed, the powder X-ray diffraction 
BRGtodSaphis revealed that a very small, constant amount of 
intrinsic ice was present in the TMO hydrate II samples. 
The concentration of the trimethylene oxide was increased 
for one sample to 1 TMO.16.4 H5O, however, this sample 
also contained intrinsic ice as well as some TMO hydrate I. 
The amount of intrinsic ice in the samples was extremely 
small judging by the intensity of the diffraction line, 


and it will be argued later that this ice had no effect on 


the spectra presented. Extrinsic ice was essentially elim- 


inated by paying careful attention to technique as discussed 


in Chapter 3. The powder X-ray diffraction photographs 
and the infrared spectra indicated that solid trimethylene 
oxide was not present in any of the TMO hydrate II samples. 


Contamination by TMO hydrate I was readily identified 
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in the powder X-ray diffraction photographs by its intense 
line with a 26 value of 10.5° (Section 3.4). This contam- 
ination was also observed in the infrared spectra, and 

this is illustrated in Fig. 4.1 which shows the spectra 
between 960 and 1010 cm + of uncontaminated TMO hydrate I 
(curve A), TMO hydrate II contaminated by TMO hydrate I 
(curve B) and uncontaminated TMO hydrate II (curve C). The 
weak low frequency band in curve C has a peak frequency of 
973.2 om7+ whereas the strong band in curve A, which is 

the most intense guest band in the spectrum of TMO hydrate I 
(Chapter 3), has a peak frequency of 976.8 cm. This 
frequency difference of 3.6 cm + provides strong evidence 
that the weak band in curve C is not due to TMO hydrate I. 
This is confirmed by the peak frequency of 975.9 cm? for 
the weak band in curve B, as would be expected for a 

TMO hydrate II sample slightly contaminated by TMO hydrate I. 
All of the spectra to be presented in this chapter are of 
samples that were as pure as the one used for curve C of 


Fig. 4.1 and, thus, they show no observable effects of 


contamination by TMO hydrate I. 


4.2 Mid-Infrared Spectra Of Structure if Trimethylene 
Oxide Hydrate in Mulls i 
1: 


The infrared spectra between 300 and 4000 cm~ of 
TMO hydrate II and TMO deuterate II at 95 +10°K are shown 
in Fig. 4.2. The main spectrum in each case, labelled A, 


was obtained from the spectrum of a propane mull by 
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Fig. 4.1. ‘The v./V bands of uncontaminated structure I 
trimethylene oxidé déuterate (curve A), structure II tri- 
methylene oxide deuterate contaminated by structure I tri- 
methylene oxide deuterate (curve B), and uncontaminated 
structure II trimethylene oxide deuterate (curve =e, dis- 
persed in a mulling agent at 95°K. The maximum and mini- 
mum percent transmission of each curve are: A, 90, 20; 


BeecOpese; Cc,” 89, 50. 
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removing the peaks due to liquid propane. Curves B and 

C for TMO hydrate II were taken from spectra of a large 
amount of sample mulled with propylene and a very small 
amount of sample mulled with Freon 13, respectively. For 
TMO deuterate II, curves B, C and D were taken from spectra 
of the following samples: curve B, a propane mull; curve 
C, a very small amount of deuterate mulled with propylene; 
curve D, a Freon 13 mull containing about the same amount 
of deuterate as the mull used for curve A. The dashed 
lines indicate that, after inspection of spectra of 
propane, propylene and Freon 13 mulls, the spectrum of the 
sample is believed to approximate the dashed contour 
although that region of the spectrum used for curve A was 
obscured by the propane absorption. Dotted lines indicate 
that the corresponding region of the spectrum is uncertain 
due to the masking of weak guest bands, which are expected 
in these regions, by the propane absorption. For the 


a spectra of Freon 13 mulls gave the 


regions above 2800 cm 
absorption by the samples, as indicated by the additional 
curves. Composite spectra, such as were presented in 
Section 3.2.1, have not been made, because insufficient 
spectra were taken to assure that the composite spectra 
would have the desired degree of reliability. 

The spectra shown in Fig. 4.2 were recorded at a 

1 


resolution of better than 5 om™| between 300 and 650 cm, 


and better than 2.5 omnes between 650 and 4000 cms The 
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frequencies of the observed features, and their estimated 
accuracy, are listed in Table 4.1 together with the ass- 
ignment of the features. The temperature of the samples, 
as discussed in Section 3.2, was 95 +10°K. 
4.2.1 Absorption by the Water Molecules 

The band due to Vou (499) is shown in detail in Fig. 
4.3 and extends from 2800 to 3700 cm. «It has a peak 


frequency of 3224 cm + with a well defined high frequency 


shoulder at 3335 cm = and a more poorly defined low 
frequency shoulder at about 3116 cm -, ‘the half-width of 
this band is about 390 cm +. ‘the band due to Vop (D20) 


(Fig. 4.3) extends from 2100 to 2800 cm. ‘three maxima 


are clearly seen at 2488, 2423 and 2343 cm=-. There is 


also a very broad low frequency shoulder at about 2285 cmt, 


The half-width of the overall band is about 285 cm-. 


The ratio of the peak frequency of v (HO) to the peak 


OH 
frequency of Yop (P29) 1S) 1.33,.15207 005". 

The broad band due to Vo (H50) was poorly defined in 
this work (Fig. 4.2). It extends from about 1200 to 1900 


emt and has a peak frequency of about 1650 cmt, The band 


due to v,(D,0) extends from about 1050 to 1400 cm +. the 
details near the band maximum were not well defined in this 
work, so the peak frequency is only approximately known. 
However, the band appears to slope steeply on the high 
frequency side and gradually on the low frequency side, 

as is the case for V5 (H50), and such a contour would place 


the band maximum at about 1225 ome The ratio of the 
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Frequencies of the Observed Features 


Table 4.1 


in the Mid-Infrared Spectra of 


Structure II Trimethylene Oxide 
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Hydrate and Deuterate in Mulls at 95°xK° 


TMO Hydrate II 


v/em 2 


23535 sh 
3224 44 vs, br 


~3116 sh 


2955 et Di5 Sh 


2966 +10 sh 


Zopo ea) | sh 


2879 +2 w 


Assignment 


Voy (H2°) 


Vox (HDO) 
Vig (TMO) 
Vv, (TMO) 


24% Vg (IMO) 2 


Vo (TMO) 
Vg (TMO) ? 
V5 (TMO) 


V4.3 (TMO) 


Yop (P29) 


TMO Deuterate II 


1. 


v/com 


+57 SOL 


3) eee 
921) ain 
2 Shy 
t3.°sh 
+2aam 
+3; sh 
$55 7'sn 
2S 
+10 vs 


36, saso8 * 
ghixo gon tye ai 
See 56 o FM m2 wra304000 


 & 
- 
5 
Ps 


o) OF jreunp ise 


TMO Hydrate II Assignment 
v/em> 
241935 wes, br Vop {HDO) 
3Vv, (H,O), 


2241 +30 m, br 
Vo (H50) + Vp (H50) 

~1650 m, br V5 (H50) 

aie 


Vo (D0) cu Vp (D590) 


1234 +10 w Vig (TMO) 
Vo (D590) 
b 
1138 +4 Vo (TMO) 
1029 +2 mw V¢ (TMO) 


990-9 (tla *m 
Va/V 7 (TMO) 


974 +5 sh 
938 +10 sh Vig (TMO) 
$00 +5 sh Vg (TMO) 
844 +10 vs, br 
580 +10 mw Vp (H50) 
S190 s10, tw 

Vp (D0) 


TMO Deuterate II 


v/om~~ 


1642-2159) mw, br 


~1225 a dene 
Ube yf easy) ai 
1028.2 £055) mw 
98975) 10 250s 

vee +1 mw 
937 +5 mw 
903.1 £0300 0m 


SS 20.08 VS, EDL 
476 +10 w 


450°t10 w 


a) vs = very strong, s = strong, m = medium, mw = medium- 
weak, w = weak, br = broad, sh = shoulder. . 
b) Observed as a shoulder on absorption by the mulling agent. 
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Fig. 4.3%,.The Voy (H29) band of structure II trimethylene 
oxide hydrate (lower box) and the Vop (P20) band of structure 
II trimethylene oxide deuterate (upper box) dispersed in 


mulling agents at 95°K. 
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peak frequencies of V5 (HO) and Vo (D0) is -about?Tr.35; 


The band due to Vp (H50) extends from about 500 to 


Pose emt (Fig. 94.2) )° The maximumlor ithe maintbanaeiaeae 


844 on and it has a half-width of about 150 ena Two 


broad, low frequency bands are observed at about 580 and 
519 cm". The band due to v,(D,0) (Fig. 4.2) shows a 


composite structure similar to that of Vp lH,0), with a main 


Lee aiiwoteeak Dandsvate4yomanaetcomcnmee 


The half-width of the main band is about 100 emmed If the 


band at 632 cm. 


two weak bands at 476 and 430 cm? correspond to those at 
580 and 519 cm + in the spectrum of the hydrate, the iso- 
topic frequency ratios are 1.22 and 1.21, respectively; 
these are significantly lower than the isotopic ratio of 
the frequencies of the main maxima of the Vp bands, which 
is 1.34. These isotopic frequency ratios are large enough 
to confirm the assignment of the weak features to VR 
vibrations, but are sufficiently different from the expected 
value of.about 1234 to’ cast: doubt*on the above corres-— 
pondence. 

The overtone and combination band assigned to 3V, (H50) 
and Vp (B59) + Vo (H50) in the spectrum of the hydrate (Fig. 
4.2) was poorly defined in this work, however, the corres- 
ponding band in the spectrum of the deuterate (Fig. 4.2) was 
rather better defined. The hydrate band extends from 
2000 to 2700 am and has a peak frequency of about 


2241 cm™?, The band appears asymmetric with a sharp low 
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frequency slope and a gradual high frequency slope. The 
corresponding band in the spectrum of the deuterate has a 
peak frequency of 1642 cmt, extends from about 1500 to 
2000 ome and shows the same asymmetry exhibited by the 
hydrate band. The isotopic frequency ratio for this band is 
about 12:36. 

The 0-H and O-D stretching vibrations of isolated 
HDO molecules were studied in samples prepared from 
O in D,O and 5 mole 


2 2 
percent of D50 10g) HO. The slight isotopic exchange expec- 


mixtures of 2 mole percent of H 


ted to occur during the preparation of the samples should 
have resulted in both solutions containing about 5 mole 
percent of HDO. The band due to Voy (HDO) is shown in 
Fig. 4.4. It has a peak frequency of 3274 cm and a 
half-width of about 110 cm}, The band due to Vop (HBO) 


a 


(Fig. 4.4) has a peak frequency of 2419 cm ~~ and a half- 


width of about 75 cm}, The broad band to low frequency 
of the Vop (HPO) band in Fig. 4.4 is the overtone and 
combination band discussed earlier. 

It was mentioned earlier (Section 4.1) that an extremely 
small amount of intrinsic ice was present in the samples 
Of TMO hydrate II and TMO deuterate II. It has been found 
in previous studies (48, 49) that small amounts of ice 
impurity can have a profound effect upon certain regions 


of the spectra of clathrate hydrates and deuterates. This 


is of particular concern to the present study, since the 
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Fig. 4.4. The Voy (HBO) band of structure II trimethylene 
oxide deuterate (lower box) and the v p (HDO) band of 
structure II trimethylene oxide hydrate. (upper box), both 
containing about 5 percent of HDO, dispersed in mulling 


agents at 95°K. 
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frequencies of all of the bands due to the water vibrations 
essentially coincide with those of ice Ih (27). For the 
following reasons, it is believed that the ice impurity 
was present in sufficiently small concentrations to have 
no observable effect on the spectra presented. 

Shade amounts of intrinsic ice impurity in samples 
of hexamethylenetetramine hydrate and deuterate which 
contained 10 mole percent of HDO were clearly identified 
by the presence of the Voy (HDO) and Vop (HDO) bands of 
ice. Ih at 3277 and 2420 on + (49). These bands were 
clearly visible at ice concentrations that were too low 
to affect the bands of HO and D 


2 Z 
the study of the mid-infrared spectra of the structure I 


O atvall (49)e%, During: 


ethylene oxide hydrate and deuterate (48), it was found 
that the tops of the Voy (HDO) and Vop (DO) bands became 
pointed and their half-widths decreased markedly when 

small amounts of intrinsic ice were present. Again, this 
was clearly seen at ice concentrations that were too low 
to affect the bands due to H50 and Do0.- Unpublished work 
by Frances E. Bates on the structure II hydrates of cyclo- 
propane and tetrahydrofuran provides further evidence of the 
effect of intrinsic ice impurity. The samples of tetra- 
hydrofuran hydrate contained no intrinsic ice whereas those 
of cyclopropane hydrate II contained significant amounts 


of intrinsic ice, as determined by powder X-ray diffraction. 


The frequencies of the Vop (HDO) bands of both hydrates are 
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close to that of HDO ice. The effect of the ice is to 
sharpen the top of the Vop SHDO) band of cyclopropane 
hydrate II and reduce its half-width to about 44 cmt, com~ 
pared to the Vop {HDO) band of tetrahydrofuran hydrate, 
which has a half-width of about 75 cm-. 

Comparison of the contours of the Vop (H#DO) bands of 
tetrahydrofuran hydrate, which contains no ice, and TMO 
hydrate II, shows that they are very similar, and the 
half-width of both bands is 75 cm =, There was no sharp- 
ening at the top of the Vop ‘HDO) band of TMO hydrate II 
relative to that of tetrahydrofuran hydrate. Thus it is 
concluded that the extremely small amount of ice in the 
TMO hydrate II samples had no observable effect on the 
Vop {HDO) band. As stated above, the HDO bands have been 
found to be the most sensitive bands in the spectra of 
clathrate hydrates and deuterates to the presence of 
intrinsic ice impurity, so it is argued that the other bands 
due to water vibrations in the spectra of TMO hydrate II 
are also unaffected. This conclusion is supported by the 
contour of the Vop (P20) band (Fig. 4.3) of TMO deuterate II 
which is distinctly different from that of ice Ih (27). 
4.2.2 Absorption by the Trimethylene Oxide Molecules 

The bands due to the C-H stretching vibrations in 
TMO hydrate II are shown in Fig. 4.3 as weak shoulders on 
the low frequency side of the Vox (42°) band. They are 


seen more clearly at essentially the same frequencies 
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(Table 4.1) in the spectra of TMO deuterate II, as shown in 


Vig" has a peak 
ue 


frequency of 2997.3 cma and a half-width of about 7 cm. 


Fig. 4.5. The highest frequency guest band, 


The band due to Vy Seed tue 9 Poo ae (Fig. 4.5). andshasia sow 


frequency shoulder at about 2968 cm +, The overall half- 


1 The band at 2943 ae =) 


due to v4), has a high frequency shoulder at 2950 cm +, 


width of this band is about 11 cm 


and a low frequency shoulder at 2930 cmt, which is very 


tentatively assigned to wv The overall half-width of 


9° 
this band is about 14 cm? , The second strongest guest 


band, has a peak frequency of 2881.2 cm + and a broad 


bare! 
high frequency shoulder at about 2895 ene (Pigua 43>) 5 
assigned to Vo: The half-width of this band, after approx- 
imately subtracting the absorption due to Vor Too em, 

The weak band at about 1234 a. Vig! in the spectrum 
Gfetne hydrate is not present in the spectrum of Chesdeut— 
erate, undoubtedly due to the presence of V5 (D540) CEOune oic') fe 
The shoulder at about 1137 an, V5, in the deuterate spect- 
rum (Fig. 4.2) was also observed, as a shoulder at 1138 cm™~, 
superimposed on mulling agent absorption in the hydrate 
spectrum. It has been omitted from the hydrate spectrum 
(Pig. 4.2), because its true shape and relative intensity 
are unclear. 

The three strongest guest bands below 2000 cm” + in the 
Spectra of TMO deuterate II are shown in Fig. 4.6. The 
band due to v, has a peak frequency of 1029 cm ~ in the 


hydrate spectrum (Fig. 4.2) and 1028.1 cmt in the deuterate 
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Fig. 4.5. The C-H stretching bands of structure II 
trimethylene oxide deuterate dispersed in a mulling agent 
ato) Kk 
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Fig. 4.6. The ring bands of structure II trimethylene 
oxide deuterate dispersed in a mulling agent at 95°K. 
The dashed line approximates the true contour of the 

V6 band. 
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spectrum (Fig. 4.6). The spurious absorption at about 

1025 cm7+ has already been discussed in Section 3.1 and 

the dashed line in Fig. 4.6 is believed to be a good approx- 
imation to the contour of the V6 band after this spurious 


absorption has been removed. The band due to v-, is the 


6 
sharpest guest band in the spectrum, with a half-width of 


noah 


scm (Fig. 4.6). The strongest guest band, Vo/Vy 41 is 


at 989.5 cm ‘in the deuterate spectrum (Fig. 4.6) and at 
990759 cm? in the hydrate spectrum (Fig. 4.2). The fre- 
quency difference is marginally significant. The half- 


width of this band in the spectrum of the deuterate is 


a 


4.5 cm ~. The broad band, Va/V491 located at 973.2 Pail a 


(Fig. 4.6) in the deuterate spectrum occurs as a shoulder 


(Fig. 4.2) in the hydrate spectrum. The 


at about 974 cm 
specific assignment of these two absorptions will be dis- 
cussed in Chapter 5. The absorption by Vig appeared only 


in the spectrum 


as a poorly defined shoulder at 938 cm. 
of the hydrate, and was partially obscured by propane 
-absorption in the spectrum of the deuterate (Fig. 4.2). 
The frequency of this band is, therefore, only poorly 
known (Table 4.1), and its half-width is unknown. The 
only remaining guest band, Ver observed during this study 


1 


is clearly seen at 903.1 cm ~ in the spectrum of the 


deuterate (Fig. 4.6). The half-width of this band is 8.6 cmt, 


however the low frequency tail, which is due to reflection 


effects, probably affects the half-width. This strong band 
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is present as a shoulder at about 900 cm ~ in the hydrate 

spectrum (Fig. 4.2). 
The bands due to Var Viae Yio" Vai Vo9" Vig and Vo3" 

which were observed in the Spectra of the structure I hydrate, 

were not observed in the spectra of TMO hydrate II and 

deuterate II. This was undoubtedly because of their inher- 

ently weak nature, although it is possible that the band 

due to Va/Vi4 might have been observed if spectra of Freon 13 

mulls containing a very large amount of hydrate sample had 

been recorded. The only guest feature that was seen in the 

Spectra of the structure II hydrate that was not seen in 

the spectra of the structure I hydrate was the shoulder at 

2895 cm (Fig. 4.5) assigned to v,. The reason that 

this feature was not seen in the spectra of the structure I 

hydrate was undoubtedly due to the presence of the very 

strong V13 fundamental, which was only 7 cm™+ to low fre- 

quency of Vo in the spectrum of TMO deuterate I, whereas 

it was 14 cm > to low frequency of Vo in the spectrum of 


TMO deuterate II. 


4.3 Mid-Infrared Spectra of Structure II Trimethylene 


Oxide Hydrate in Pellets 
TMO hydrate II and TMO deuterate II were pressed into 


potassium bromide pellets by the method described in 
Section 2.5. Comparison of the mid-infrared spectra of 
these pellets with the spectra of TMO hydrate and deuterate I 


showed that substantial conversion to TMO hydrate I and 
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TMO deuterate I had taken place. Clear evidence of this 
conversion is shown in Fig. 4:7. Por the case of Vz/V 7" 
the middle curve, labelled I + II, was obtained froma 
potassium bromide pellet at 95°K prepared from TMO deut- 
erate II, the top curve was obtained from a mull of TMO 
deuterate I at 95°K, and the bottom curve was obtained 
from a mull of TMO deuterate II at 95°K. Comparison of 
these curves clearly shows that the pellet from which 
the middle curve was obtained, contained a mixture of TMO 
deuterate I and TMO deuterate II. The high frequency bands 
of the middle and bottom curves both occur at 989.5 Sn 2 
and the low frequency bands of the middle and top curves 
occur at 978.1 and 976.8 cm respectively. This small 
difference in frequency is due to the difference in the 
refractive index of the mulling agent and the pelleting 
agent (Tables 3.1 and 3.2). 

Further evidence of this conversion was supplied by 


the band due to Ves This band in the three spectra from 


which the Va/V4 4 bands were taken is shown in Fig. 4.7, 
where they are presented in the same order as the Va/V 19 
ul 


bands. The dashed lines exclude the spurious 1025 cm. 
absorption. The conversion of the sample from which the 
middle curve was obtained to TMO deuterate I is even more 
Clearly indicated by the V6 bands than by the Va/V 47 bands. 
The high frequency band in the middle curve and the band 


=1 
in the top curve both occur at 1033.6 cm ~. The low 
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Birger 4. 1 < 
methylene 
made from 
structure 
at 95°K. 

the bands 
50; right 


1000 980. ~~ 1030 1020 


vicm | 


The v./v and Vv. bands of: (E) seructure scl .tri— 
oxide detiferate in.aimull: a( bee, Tt), CareKBrepei let 
structure II trimethylene oxide deuterate; (II), 
II trimethylene oxide deuterate ina mull; all 

The maximum and minimum percent transmissions of 
are: Left: box=) 1, 90, 207 )D +l, wos, 637021, 89, 
box- I, 88, 63; I + II, 87, 81; II, Ts: (648 


The dashed lines approximate the true contours of the V6 


bands. 
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frequency band in the middle curve and the band in the 
bottom curve occur at 1029.0 and 1028.1 cm - respectively. 
Further evidence of this conversion was sought by 

subjecting a sample of TMO deuterate II to a typical 
pellet pressurisation procedure without any potassium bro- 
mide. The resultant pellet was ground to a powder and the 
X-ray powder diffraction photograph and the infrared spectrum 
of the powder mulled with propane were recorded. Both of 
these techniques showed that the powder was still uncon- 
verted TMO deuterate II. The reason why TMO hydrate and 
deuterate II convert to the structure I analagues when potassium 
bromide is present, but do not convert in the absence of 
potassium bromide, is not clear. 
4.4 Powder X-ray Diffraction Pattern of Structure II 
Trimethylene Oxide Deuterate 

| Rowder X-ray diffraction photographs were taken of all 
of the samples of TMO hydrate II and TMO deuterate II to ensure 
that the correct phase had been obtained and to determine 
its purity. The two best photographs of different samples 
of TMO deuterate II were each measured twice to determine 
the diffraction parameters. These measurements were treated 
in the same way as those of TMO hydrate I, as described 
in detail in Section 3.4, to yield four values for the unit 
cell parameter. These were averaged to yield the value 


12) 
71.06.40; 02 A, where 0.02 A indicates the range of the 


values obtained. 
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The powder X-ray diffraction pattern of TMO deuterate II 
at 100 +20°K is given in Table 4.2. The calculated inten- 
sities were determined from the structure factors of the 
double hydrate of hydrogen sulphide and tetrahydrofuran at 
-20°C (37), and the observed intensities were measured as 
peak heights on a microdensitometer trace. The calculated 
26 and d values were obtained by Supplying the programme 
2THETA with the averaged unit cell parameter given above 
and the wavelength of the Cu Ky X-ray Wadzations (175418 Ave 
The observed 28 and d values are averages of the four sets 
of values obtained from the photographs. 

The intensities of the X-ray diffraction lines of 
TMO deuterate II are significantly different from those 
calculated from the structure factors of the double hydrate of 
tetrahydrofuran and hydrogen sulphide (37). This is to be 
expected because the strongly scattering sulphur atom con- 
tributes to all of the reflections except for 220, 422, 

442, 620, 642, 644, 660 and 822 of the double hydrate. 

The patterns of the two compounds are, however, sufficiently 
Similar to indicate unambiguously that they have the same 
crystal structure apart from the guest molecules. The 
Calculated d spacing and 26 value of the 311 reflection are 
outside the standard deviations of the observed values. 

This is almost certainly due to inaccurate measurements 
resulting from the poor resolution of this line and that of 


the strong 222 reflection. The calculated d spacings and 
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Calculateda* 


Index Intensity 


1i1 
220 
311 
222 
400 
331 
422 


333 
$11 


440 
$31 
442 
620 
$33 
622 
444 


$51 
711 


642 


aeet 
731 


soot 
733 
644 


660 
822 


$55 
751 


662 
840 


aT 
911 


a) Integrated intensity for flat-plate camera, calculated from I«[ 


100 


Pable 4.2 


Powder X-ray Diffraction Pattern of 


Structure II Trimethylene Oxide 


Calculatea”’ a 


d_ Spacing (A) 


9.850 
6.032 
5.144 
4.925 
4.265 
3.914 
3.482 


3.283 


3.016 
2.884 
2.843 
2.697 
2.602 
2.572 
2.462 


2.389 
2.280 
2.221 


2.132 
2.084 
2.069 


2.011 


i.970 


1.957 
1.907 


1.873 


Deuterate at 100 £20°K 


Calculated’ 


20m(=) 


8.98 
14.69 
17.24 
18.01 
20.83 
22.72 
25.58 


27.16 


29.62 
31.01 
31.46 
33.21 
34.47 
34.88 
36.49 


37.65 
39.53 
40.62 
42.38 


43.42 
43.76 


45.09 


46.08 


46.40 
47.68 


48.62 


d 


Observed®’ 


26 (°) 


17.09 
18.02 
20.80 
22.68 
25.56 


27.12 


29.56 
31.00 


33.22 
34.45 


37.65 


42.35 
43.45 


45.09 


46.08 


47.57 


48.70 


where p is the multiplicity factor and F is the observed structure 


oe 
b) Calculated from a = 17.06 A 
c) The average of four measurements. 


figure. 


4) Cu K, radiation, wavelength = 


e) This line was broad and diffuse, s 
#) Only 2 values for the observed 20 and d 


° 
1.5418 A. 


o accurate values of 26 and d spacing could not be obtained. 
spacing were averaged for this line. 


(4) 


(5) 
(7) 
(8) 
(6) 
(6) 


(6) 


(6) 
(6) 


(8) 


(8) 


(7) 


(3) 
(3) 


(3) 


(3) 


(2) 


(5S) 


d 


(1 + cos726)/sin 
factor from reference 37. 
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Observed©’ a Observed 
d_ Spacing (A) Intensity 
9.83 (4) 39 
5.18) (2) ~34 
4.92 (2) 90 
Beevete) 80 
3.92 (1) 78 
3.485 (8) 70 
3.289 (8) 100 
3.022 (6) 49 
2.885 (6) 97 
2.697 (7) 22 
2.603 (6) 17 
2.390 (5) 9 
is® 
2.134 (1) ~4 
2.083 (2) 22 
2cOLl (2) 52 
1.970 (1) 22 
1.912 (1) 6 
1.870 (2) 12 
2ocos0]cos2epr*, 


The figure in parenthesis is the standard deviation in the last 
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28 values of the 840 and 753/911 reflections are also 
outside the standard deviations of the observed values. 
In these cases, the reason is probably the poor definition 


of these broad, diffuse lines. 


Chapter Five. Discussion of the Mid-Infrared Spectra of 


Structure I and II Trimethylene Oxide Hydrates 


5.1 General 


The absorption by the water molecules of TMO hydrates 
I and II is discussed in Section 5.2. The assignment was 
given in Chapters 3 and 4 and needs no further discussion, 
but the absorption is discussed in rotecion to the structures 
of the hydrates and the guest-host interactions. A few 
comments are made in Section 5.3.2 about the assignment 
or the trimethylene oxide modes given in Chapters 3 and 4. 
The differences between the guest frequencies of the two 
hydrates and those of gaseous trimethylene Ooxidevare 
discussed in Section 5.3.3 in relation to the interactions 
between the guest molecule and the two host lattices. 
Some comments on the temperature dependence of the guest 
absorptions of the structure I hydrate are also made in 
Section 5.3.3. 

5.2 Absorption by the Water Molecules 

| The absorption by water molecules in the clathrate 
hydrates and the disordered ice phases at mid-infrared 
frequencies is not well understood. This has been outlined 
in Chapter 1 and will be discussed in more detail later. 
However at this point it should be noted that a contributing 
factor to the lack of understanding is the coupling 


between like vibrations of different water molecules. This 
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occurs between vibrations of different molecules that have 
the same frequency in the gas phase, for example, between 
the Va vibrations in different molecules, because of the 
dynamic intermolecular forces. 

Empirically and theoretically, it is much easier to 
interpret the bands due to vibrations that do not couple 
in this way. Such bands are the isolated O-H and O-D 


stretching bands of HDO molecules isolated among D.O and 


2 
H50 molecules, respectively (Section 1.3). ‘Empirically, 
one sharp band is seen for each O---O bond length in the 
ordered phases, or a single band with a half-width of less 
than about 120 cm? is seen for the disordered phases, 
compared to bands with half-widths of the order of 300 cm + 
seen for the dynamically coupled vibrations Vox (H20) and 

Vop (P29) - Theoretically, the isolated O-H and O-D 

stretching bands reflect only the static, site effects in 

the crystal, that is, one absorption frequency occurs for 
every truly non-equivalent, not diffraction non-equivalent 

for the disordered phases, O---O bond, Thus the discussion of 
the water bands will commence with a discussion of the 
isolated stretching bands. 


The isolated O-D stretching band seen in the spectra 
: -1 
of mulls of TMO hydrate I is a single band at 2439 cm 
with a half-width of 95 en at 95°RK. tteis Velrevedeto 
be less influenced by anharmonic effects than the Voy (HDO) 


band of TMO deuterate I, so the following discussion 
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is based on the Vop (HDO) band as is common practice (48). 
The isolated O-D stretching band of the structure II 
hydrate is a single band at 2419 cm with a half-width 

eh iy fle, cmt at 95°K. The existence of single, fairly broad 
bands is consistent with the orientational disorder and the 
consequent variation in the lengths of diffraction- 
equivalent O---O bonds that are known to exist in these 
solids. 

The Vop (HDO) band observed for TMO hydrate I is 
identical, apart from its frequency, with the Vop (HBO) band 
observed for ethylene oxide structure I hydrate, so the 
only effect of the guest molecule on these bands is to 
shift the frequency. It has been shown previously (48) 
that an empirical correlation exists between the Vop (HDO) 
frequency and the weighted mean of the diffraction-determined 
O---O bond lengths for the various disordered ice phases 
and ethylene oxide hydrate. For the sake of the present 
- discussion, the partially ordered ice phases, V and VI, 
will be considered as disordered. The different Vop (HDO) 
frequencies of the structure I hydrates of trimethylene 
oxide and ethylene oxide and the different Vop (HPO) 
frequencies of the structure I and structure II hydrates 
of trimethylene oxide are probably, therefore, due to the 
different O---O bond lengths which exist in these compounds. 

The diffraction-determined O---O bond lengths in the 


solids of interest at about 100°K are presented in Table 
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5.1, together with their percentage occurrence in the 
crystal, weighted mean value and the range of the bond 
lengths. The bond lengths in ices Ih, Ic, V and VI at 
about 100°K were taken from reference 10. The bond lengths 
in ethyléne oxide hydrate I at -25°C were determined (36) 
by a single crystal X-ray diffraction study in hich the 
cubic unit cell parameter was found to be 12.03 A. The 
bond lengths in the structure I hydrates of trimethylene 
oxide, ethylene oxide and cyclopropane (see later) at 
100°K were obtained from those in ethylene oxide hydrate I 
at -25°C by scaling, using the values 11.95 (Section 3.4), 
11.89 (46) and 11.98 (46) A, respectively, of the rete 
cell parameters at about 100°K determined by powder X-ray 
diffraction. The O---O bond lengths in the double, 
structure II hydrate of hydrogen sulphide and tetrahydro- 
furan have been determined at -20°C, at which temperature 
the cubic unit cell parameter is L7a3) A (37). The bond 
lengths in TMO deuterate II at 100°K were found by scaling 
the bond lengths in reference 37 using the value 17.06 A 
found for the unit cell parameter of TMO deuterate II at 
100°K from powder X-ray diffraction (Section 4.4). 

A plot of the frequencies of the Vop (HBO) bands of 
ices Ih (32), Ic (27), V (28), VI (20), ethylene oxide 
hydrate I (48), TMO hydrate I (Table 3.1) and II (Table 4.1) 
against the weighted mean O---O bond lengths in these phases 


is shown in Fig. 5.1. Also included are the frequencies 
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Table 5.1 


Structural Data for Ices Ih, Ic, V, VI, 
Structure I Hydrates of Trimethylene Oxide, 
Ethylene Oxide and Cyclopropane and the Structure II 


Hydrate of Trimethylene Oxide at 100°K 


Compound O-=-Oe Bond Percent Weighted Range*’ . 
Length@- Occurrence Mean@ 
Ice Ih 2.743 100 2.743 0.0 
ice Ic 2.743 100 2.743 0.0 
Ice V 2. 766 eal, 
2.781 ES 
2.782 15 
22/98 as) PIM 0.021 
2.819 15 
Zo20 ES 
2.867 4 
Ice VI PLOT PIAS) 10 
2.786 10 
2.801 20 22813 Deo22 
7A88 HUES) 20 


2.840 40 


Compound 


Ethylene 
Oxide Hydrate 


TMO hydrate I 


Cyclopropane 
Hydrate I 


O---O Bond 
Length? 


2.135 
2.745 
2.778 


2.810 


2.749 
2.759 
2.792 


2.824 


2.754 
2.764 
Phe Tiss be) 


2.832 


TMO hydrate II 


fo} 
a) In A. 


PAI PAT 
2.736 
2.756 


7a aa 


Percent 
Occurrence 


Weighted Range*’ 


Mean 


2.761 


2eh03 


2.70. 


2.748 


0.025 


0.021 


0.023 


0.014 


b) The values were obtained as described in the text. 


c) The range of bond lengths was calculated as the weighted 


mean of the magnitudes of the deviations from the 


weighted mean. 


Cc 
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L392 


2500 


2450 


Yop (HDO)/CM™ 


2400 LL —_ 
2.75 2.80 2.85 


O-O DISTANCE/A 


Pag.) 5.1,. Graph of Vop [HDO) versus the O---O distance for 


ordered phases and cyclopropane (CP) hydrate or weighted 
mean O---O distance for the disordered phases. The Roman 
numerals refer to the ice phases and TMO I, EO and TMO II 
refer to the structure I hydrates of trimethylene oxide 
and ethylene oxide, and the structure II hydrate of 
trimethylene oxide respectively. 
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of the Vop (HDO) bands of the ordered ices II (28) and 

IX (28) plotted against the corresponding O---0O bond 
lenghts (10). The points for ices Ih and Ic essentially 
coincide and are simply labelled I in Fig. o.14 ‘The 
graph is that given in reference 48 and discussed in 
Section 1.3, with the data for TMO hydrates I and II (and 
cyclopropane hydrate I which is discussed below) added. 

It is clear that the data for the two hydrates of 
trimethylene oxide correlate well with those for the other 
phases formed by orientationally disordered water molecules. 
Thus the similarity in the frequencies of the Vop (HDO) 
bands of TMO hydrate II and ice Ih is due to these compounds 
having the same weighted mean O---O bond length, whereas 
the large difference in the half-widths of these bands, 
which are 75 and 20 cm > respectively, is due to the large 
difference in the range of O---O bond lengths in the two 
compounds. From a comparison of the weighted mean O---O 
bond lengths of TMO hydrate I, TMO hydrate II and ice Ih 
(Table 5.1), it can be concluded that the average’ strength 
of the hydrogen bonds in TMO hydrate II is very similar 
to that in ice Ih, whereas the average strength of the 
hydrogen bonds in TMO hydrate I is smaller, Also it is 
clear that the different Vop (HDO) frequencies of the structure 
I hydrates of trimethylene oxide and ethylene oxide are due to 


the difference in the O---O bond lengths in the two struc- 


tures. Thus the only detectable effect of changing 
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the guest molecule from ethylene oxide to trimethylene 
oxide is the expansion of the 14-hedral structure I cage 
by the latter molecule. A comparison of the largest 
van der Waals diameters of ethylene oxide, 5.2 A, and 
trimethylene oxide, 6.2 ie with the mean free diameter of 
5.8 A for the 14-hedral cage (39) allows this expansion to 
be understood. The 16-hedral cage of the structure II 
hydrate is not expanded by trimethylene oxide because its 
mean free diameter is 6.6 Ne 

It should be mentioned that a further effect of the 
guest molecule on the water lattice has been identified 
from a comparison of the results for the structure I 
hydrates of ethylene oxide, trimethylene oxide and cyclo- 
propane (30). The Vop (HDO) bands in ans spectra of 
ethylené oxide hydrate (48) and TMO hydrate I (Fig. 3.8) 
are essentially featureless, whereas the Vop (HDO) absorption 
by cyclopropane hydrate I (30) consists of two partially 
resolved peaks at 2457 and 2416 cmt, with relative 
intensities of approximately 1:2. The frequency correlation 
(Fig. 5.1) and the relative intensities indicate that the 
more intense band is due to the 52 percent of the O---O 
bonds that are 2.764 A long (Table 5.1) and the weaker 
band is due to the 26 percent of the O---O bonds that are 
o2199 A long. The points marked CP in Fig. 5.1 have been 
plotted on this basis. Cyclopropane hydrate I is isostruct- 


ural with TMO hydrate I and its unit cell parameter at 
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100°K is almost the same as that of TMO hydrate I, so it 
is clear that steric effects are not the only effect that 
the guest molecule has on the water lattice. 

An obvious difference between cyclopropane and trimeth- 
ylene oxide is the absence of a permanent dipole moment in 
cyclopropane. Thus it is possible that the dipole moment 
of the trimethylene oxide molecule perturbs the O---O 
bond lengths to an extent sufficient to prevent the Vop (BDO) 
bands due to the diffraction non-equivalent bond lengths 
from being resolved. In order to obtain an estimate of 
this perturbation, a simple calculation was carried out. 

A point dipole due to the guest molecule was placed 
at the center of a 14-hedral cage of the structure I 
hydrate, collinear with the axis of the O---O bond under 
consideration, which lies (Section 1.3) on a radial line 
extending from the center of the cage. The dipole moment 
of the guest molecule was assumed to interact with the 
dipole moment of the nearest water molecule in the O---O 
bond. The dipole moment of this water molecule was 
taken to be 2.6 Debyes (90) and to be oriented at an angle 
of 70.5° to the radial line (Section 1.3). The inter- 


action energy between these two dipoles is given by (23), 


- | 2) u : r] (» -z) 
Py,0° Ly ( H.,0 g 
U(r) = = Te 


x? 2° 


where U(r) is the electrostatic interaction energy in ergs, 


~jantas Rew quegeagetos* grac: 
i raven otogl > ieee AUS aie 
+ eae. Set SlGtenvg, ats sa 


— «P 


~ of? irre alepelce abixo-s a x 


| as 
cies . - ce ot goelgiSRive saataa; ae 
ra tev Lots iO Stan a> 


seinen OS ee 
| a 
‘ soi Tals 2% ges sJepate Wi ..noaid — 
> Bae , > a 
on toy jeavg oie oe eicigth Sea 
‘ 'sybe@=dL @ To TesGeey 
4 1 
> vise eta GaRAw 4500) thos ame 
: 7) 
> i<Z ok aati. J Ta ashi Aaddw 4 WAS ‘ 
‘ > ef? Qo xedies eA) aos2> ee 
> som sigoelom 2eany 
' aootom ta4ee dete em? ae 
4 n tcpeuireTtt..< 
is a 
; 
La «5, 
Lg , 
= i -% “s72en! 


196 


HHO and H, are the point dipoles of the water and guest 
molecules in esu cm respectively, and r is the distance > 
between the point dipoles in cm. The force acting between 
the two dipoles was found by taking the negative derivative 
of the interaction energy with respect to the distance 
between the point dipoles. The extension of the O---O bond 
resulting from this force was calculated by substituting 

the values of the force constant for stretching the O---O bond, 
namely 0.18 x 10° dynes per cm (18), and the force into the 
expression for Hookes law. The dipole moment of trimethylene 
oxide is 1.93 Debyes (85) and the distance between the 

point dipoles was taken to be the mean radius of the 
14-hedral cage, 4.3 A (Table 1.5), and an extension of the 
O---O bond of about 0.02 A was calculated. The same value 
for the extension can be calculated by a quite different 
approach, which involves the interaction energy between 

the electric field produced at an O---O bond in the cage 

wall by the guest dipole and the dipole moment derivative 
with respect to stretching the O---O bond (91). 

These calculations involve some gross approximations, 
such as the point dipole assumption and the fact that only 
one O---O bond is considered, but they undoubtedly establish 
the order of magnitude of the variations in the O---O bond 
lengths caused by the dipole moment of a guest molecule. 

The exact length of each bond must depend on the relative 


orientations of the bond and the guest dipole, so this 
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effect is expected to broaden the range of the actual 
lengths of a set of diffraction-eguivalent bonds by about 
+0.02 A beyond the range which exists, in cyclopropane 
hydrate I and the disordered ices, due to the orientational 
disorder of the water molecules. 

It is now possible to rationalise the difference 
between the Vop (HPO) band of cyclopropane hydrate I and 
those of the structure I hydrates of ethylene oxide and 
trimethylene oxide. Inspection of Table 5.1 shows that 
if a range of +0.02 A is placed on each O---0O bond length 
in ethylene oxide hydrate and TMO hydrate I, a continuous 
range of O---O bond lengths results, which is compatible 
with the failure to resolve distinct features on the 
Vop (HPO) band. It is also possible to rationalise the fact 
that two bands were observed for the Vop (HBO) absorption 
of cyclopropane hydrate I. Ice Ih has a single O---O bond 
length, as determined by X-ray diffraction, and its 
Vop(HDO) band has a half-width of about 20 cmt. Bertie 
and Whalley (27) have argued that this half-width is a 
result of the small range of O-~-O bond lengths caused 
by the orientational disorder of the water molecules. 

Thus the half-width of about 20 cm™+ observed for this 

band can be taken as characteristic of a single diffraction- 
determined O---O bond length perturbed only by the 
orientational disorder of the water molecules. If a half- 


width of 20 pao is associated with each of the two bands 
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observed for the Vop {HDO) absorption of cyclopropane hydrate 
I, which are separated by 41 cm, then the experimental 
resolution of these features is qualitatively explained. 

A single, featureless band was obtained for the 
Vop (HPO) absorption in the spectrum of TMO hydrate II 
(Fig. 4.4). Inspection of Table 5.1 shows that the largest 
separation between O---O bond lengths occurs between the 
two most abundant O---O bonds and has a value of 0.022 Fy 
which corresponds to a frequency separation of about 20 ome: 
If the influence of the trimethylene oxide dipole moment 
on the bond lengths is neglected, the band due to each of 
these O---0O bonds is expected to have a half-width of 


20 cm! 


so, even in this case, two bands are not expected 
to be resolved. The estimated perturbation of the O---O 
bond lengths by the guest dipole moment is about 0.01 A 
for TMO hydrate II, so if this is taken into account, the 
single featureless band seen for Vop (HBO) of TMO hydrate II 
can certainly be understood. 

Bertie and Othen (48) argued that an approximate 
correlation exists between the half-width of an unresolved 
Vop (HBO) band of a disordered phase and the range of O---0O 
bond lengths in the phase. The half-widths of the Vop (HDO) 
bands of TMO hydrate I, TMO hydrate II and ice fh are 
Bene 3 -and.20 ae and the ranges are 0.021, 0.014 and 


° . . . 
0.0 A, respectively, so a rough correlation exists in these 


cases. However, if an attempt is made to extend the 
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correlation to ice V, ice VI and ethylene oxide hydrate, 
whose half-widths are 80, 70 and 80 cm and ranges are 
O,02.,70.022 and)0.025 A, respectively, it is seen to 
meet with only partial success. 

A detailed discussion of the bands due to the HO 
and D50 vibrations of the various disordered ice phases 
and ethylene oxide hydrate at 100°K has been given 
elsewhere (13), and since the corresponding bands of TMO 
hydrate I and TMO hydrate II are very similar to those 
already discussed (13), only a brief discussion will be 
given here. 

The disorder in the hydrogen atom positions causes all 
of the water vibrations of the crystal to be active in 
both the infrared and Raman spectra. Further, the 
vibrations of different water molecules interact in the 
crystal to produce broad bands of vibrational frequencies 
from each molecular degree of freedom. Consequently, the 
vibrations of the water molecules in these disordered 
crystals absorb over the entire mid-infrared frequency 
range (31). The absorption corresponds to the density of 
vibrational states curve multiplied by an intensity 
distribution function which describes the average intensity 
of absorption by the vibrations at each frequency. Thus 
the frequencies of maximum absorption need not correspond 
to the maxima in the density of vibrational states curve 


and it is not known, at present, to which vibrations they 
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do correspond. It is evident, therefore, that a detailed 
assignment of these bands and an interpretation of their 
differences is impossible at present, so it is only 
possible to attempt to qualitatively establish the effect 
of structural differences on the spectrum. 

A comparison of the Vox (H29) bands in the spectra of 
ices Ih (27), Ic (27), V (28) and VI (20), ethylene oxide 
hydrate (48), TMO hydrate I (Fig. 3.6) and TMO hydrate II 
(Fig. 4.3), all at 100°K, reveals that the frequency of 
Maximum absorption is always between 3200 and 3250 cm + 
and that every band has a pronounced high frequency shoulder 
in the region 3300 to 3450 cm +. The bands of ices Ih and 
Ic, the structure I hydrates and TMO hydrate II are 
strikingly similar because they all also have a pronounced 
low frequency shoulder near 3100 om ?. Further, there is 
an approximate correlation between the frequency of maximum 
absorption and the weighted mean O---O bond length. The 
weighted mean O---O bond lengths of ice Ih, ice Ic, TMO 
hydrate II and ethylene oxide hydrate lie between 2.74 
and 2.761 A (Table 5.1) and the frequencies of their 


absorption maxima lie between 3220 and 3224 ees the 


DO 


weighted mean O---O bond length of TMO hydrate I is 2.78 
and the frequency of its absorption maximum is 3231 cm + 
and, finally, the weighted mean O---O bond lengths of 
ice V and ice VI lie between 2.80 and 2.81 A and the 


frequencies of their absorption maxima are 3245 and 
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3250 cmt, respectively, although their precision of 
measurement is only +30 and #15 emt respectively. 

The bands due to Vop (P29) show more detail than those 
of Vou (229) and this is usually attributed to the larger 
anharmonic effects associated with the H,O bands than with 
the D,0 bands (27). The extra detail does show consider- 
able variation with structure. However, for ices Ih and 
Ic (27), the structure I hydrates of ethylene oxide (48) 
and trimethylene oxide (Fig. 3.6), and TMO hydrate II 
(Fig. 4.3), the variations are really only in the relative 
intensities of the features. All four structures show 
strong v,,(D,0) features at about 2330, 2425 and 2485 cm”, 
with the middle one being the most intense feature in all 
cases. The Vop (222) bands of TMO hydrate I and ethylene 
oxide hydrate I are essentially identical and differ from 
those of ices Ih and Ic only by having the high frequency 
shoulder more pronounced than the low frequency one, whereas 
for ices Ih and Ic the reverse is the case and some fine 
details were resolved between the low frequency shoulder 
and the peak. For TMO hydrate II (Fig. 4.3), the low 
frequency feature is resolved as a distinct peak, and the 
central feature is considerably sharper than in the other 
phases. 

A correlation between the frequency of the band maximum 


and the weighted mean O---O bond length is only slightly 


evident for the Vop (P2°) bands. The frequencies are 
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1 for TMO hydrate I (Table 3.1), 2425 cm? for 


2428 cm 
ices Ih and Ic (27) and ethylene oxide hydrate I (48), and 
2423 cm”) for TO hydrate Ir (Table 4.2). Thus the’ band 
of TMO hydrate I is marginally to high frequency of those 
of ices Ih and Ic and ethylene oxide hydrate I, whereas 
the band of TMO hydrate II is marginally to low frequency. 
The Vop (P29) bands of ices V and VI are similar to each 
other (28, 20) in that they both consist of two partially 
resolved bands, and are quite different from those of the 
other phases. The frequencies are 2385 and 2525 cmt TOL 
ice V (28) and 2390 and 2545 om! for ice VI (20), so the 
frequencies of the centers of the bands are 2455 and 2467 
cmt, The centers of the bands of the other phases 
correspond approximately to the frequencies of maximum 
absorption cited above, so the longer weighted mean O---O 
bond lengths in ices V and VI are reflected in the higher 
frequencies of the centers of their Vop (P29) absorption. 

A comparison of the Vp (H59) bands of ices Ih and Ic 
(27), TMO hydrate I (Fig. 3.4), ethylene oxide hydrate I 
(48) and TMO hydrate II (Fig. 4.2) reveals that the intense, 
high frequency parts of the bands are essentially the 
same except for the features due to the guest vibrations 
in the spectra of the hydrates. The Vp (H50) bands are 
less well defined than the Vp (D509) bands, so the latter 


will be discussed. The intense high frequency parts of the 


Vp (D50) bands of ices Ih and Ic (27), TMO hydrate I 
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(Fig. 3.7), ethylene oxide hydrate I (48) and TMO hydrate 
If (Fig. 4.2) are identical. The corresponding bands of 
ices V (28) and VI (20) are very similar to each other 

in that both have a peak, at 490 and 500 emt ty respectively, 
and a pronounced high frequency shoulder of almost the 

Same intensity as the peak, at 590 cm in both cases; 

they are, however, very different from the bands of ices 

Ih and Ic and the hydrates. An approximate correlation 
between the frequency of maximum absorption and the 
weighted mean O---O bond lengths also holds for the Vp (D509) 
bands. The frequencies of maximum absorption of the 

Vp (D540) bands of ices Ih (27) and Ic (27) and TMO hydrate II 
(Table 4.1) lie between 630 and 640 cmt and the weighted 
mean O---O bond lengths are essentially equal at 2.745 A; 
the corresponding values for ethylene oxide hydrate I are 


° - 
1 (48) and 2.77 A, for TMO hydrate I 611 cm 1 


1 


620 cm 
(Table 3.1) and 2.78 A, for ice v 540 cm (28) and 2.80 A, 
and for ice VI 545 emis (20)irand 2582 ne The frequencies 
quoted for ices V and VI are the average of the two, almost 
equally intense, features. : 

The correlations between the frequencies of maximum 
absorption, or the band centers, and the weighted mean 
O=---O bond lengths noted above are, of coumeenneoralay 
consistent with trends long recognised (87) for vibrations 


of hydrogen-bonded compounds. These are that X-H stretching 


vibrations of X-H---Y groups decrease their frequency as 
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X---Y distance decreases and the hydrogen bond becomes 


stronger while vibrations, like the v, vibrations, that 


R 
are pure translations, rotations or hindered rotations 

in the absence of a hydrogen bond increase their frequency 
as the hydrogen bond becomes stronger and its length 
decreases. But the empirical correlations carry further 
implications for the disordered phases being presently 
discussed. It is to be expected that the average vibrat- 
ional frequency in the band due to coupled O-H or O-D 
stretching vibrations will decrease, and the average Vp 
frequency will increase, as the hydrogen bond length 
decreases. However, no such general comments can be made 
a priori about the shapes of, or frequencies of the maxima 
in, the density of vibrational states curves for compounds 
with different crystal structures. The existence of the 
empirical correlations, and the similar band shapes, 
discussed above for ice Ih, ice Ic, ethylene oxide hydrate 
I, TMO hydrate I and TMO hydrate II do, however, strongly 
indicate that the shapes of the density of vibrational 
states curves and the intensity distribution functions 

are insensitive to the number of water molecules per unit 
cell and also to the number of crystallographically non- 
equivalent water molecules, since these two eeesnetens 

vary widely in the structures discussed (13). This perhaps 


indicates that the vibrations are quite localised, because 


of the disorder, and are therefore not sensitive to the 
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long-range structure of the solid. It is particularly 
noteworthy that it is known from the spectra (27) that the 
VR vibrations of normal ice Ih extend from about 1050 to 
400 cm + and that specific heat data (92, 93) can be 


1 


represented by assuming a single v, frequency of 620 cm~. 


R 
Thus, the intense Vp absorption occurs only in the high 
frequency part of the band in ice Ih (27) and it is clear 
from the data presented above and the spectra presented 

in the references that the same situation is true for the 
other structures, ices Ic (27), V (28), VI (20), ethylene 
oxide hydrate I (48), trimethylene oxide hydrate I (Fig. 3.4) 
and trimethylene oxide hydrate II (Fig. 4.2). 

The bands in the mid-infrared spectrum of ice V are 
consistently similar to those of ice VI, and quite differ- 
ent from those of ices Ih and Ic and the hydrates. There 
is also a pronounced structural difference between these 
phases, in that the O---O---O angles in ice V and VI 
deviate markedly from the tetrahedral angle, while those 
in the other phases are much closer to tetrahedral. In 
ice VI the O---0---O angles range from 75.8 to 128.6° (10) 
and in ice V they range from 86 to 135° (10), while in ices 
Ih and Ic they are essentially tetrahedral (10) and in the 
structure I and II hydrates, the angles are all within 5° 
of tetrahedral except for 9 percent of them which are 
124.3° in the structure I hydrates (36) and 6 percent of 


them which are 119.9° in the structure II hydrate (37). 


124615 


"a in aan 
tpést ais it! gia, Haypoe ae 
== oP ee 30S)" rt Sd 


sag Poa oily: Baie Bvods 


o 1) 62 notaanece eka ons ae pte 
ocy TU , (RS) ¥ ey oY sent Lh ti 
oye vbixa sania eb 2 6 
b.e .peey aseidigt ‘e6tx0 aoiyss 
syoonegs saws ee-Oeaas ak MBB 
si te sree uid ‘tatiniv ie 


. . — & a 


Pa 


eit ae bee ot bas a2 weak FO >a a 

ari oeee Sth Leaviroteane eeu 

raipan O-* Cabot ats ase 

sivas. tan ttet o4o gene yl | i 
vetesiss o¢ Teedl> cone iia aeieas 

ost opaet woiens .t 

seed ae 


smetwaee: oe L rendlataed 


206. 


The large deviations from the tetrahedral angle in ices V 
and VI are related to the partial order in the orientations 
of their water molecules at low temperatures (10) and, 
although it is not definitely known to be true, the 
infrared spectra of ices V (28) and VI (20) were presumably 
of the partially ordered phases, now called V and VI' (10). 
Thus the differences between the spectra of ices V and VI 
and those of ices Ih and Ic and the hydrates may arise from 
the quite different ranges of bond angles in the two sets 
of phases. 

Only the temperature dependence of the absorption by 
the water molecules remains to be discussed. The bands due 
to Vop (P20) » Vp (D50), Voy (HDO) and Vop (HPO) of TMO hydrate 
I between 175 and 62°K are shown in Figs. 3.15 and 3.16 
and the frequencies, half-widths and peak heights are 
given in Tables 3.3 and 3.4. The general trends which 
were observed for a decrease in temperature were a decrease 
in the frequencies of the Vop (P29) » Voy (HDO) and Vop (HDO) 
bands and an increase in the frequency of the Vp (D0) band, 
a decrease in the half-widths of all of the bands and an 
increase in the peak heights of all of the bands. Also, 
all of the bands became less symmetric at lower temperatures 
due to the increased resolution of shoulders. 

Three probable sources of the temperature dependence 


of the absorption by the water molecules of TMO hydrate I 
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can be envisaged. Firstly, a reduction in the number of 
transitions originating in excited vibrational states 
accompanies a decrease in temperature, due to a decrease 
in the population of these states. Thus the contributions 
of hot bands and difference bands to the observed absorption 
bands decrease with decreasing temperature. Secondly, the 
contraction of the unit cell with decreasing temperature 
shifts the vibrational frequencies in the direction favoured 
by stronger intermolecular forces. Thus, for ice Ih, the 
lattice modes shift to high frequency (18) and the O-H 
stretching modes shift to low frequency (32, 94) as the 
temperature is lowered. Thirdly, it is known from 
dielectric relaxation and n.m.r. studies (Section 1.3) 
that the trimethylene oxide molecules in the 14-hedral 
cages of the structure I hydrate increasingly adopt pre- , 
ferred orientations corresponding to the potential energy 
Minima which exist within the cage, as the temperature is 
lowered. Thus the perturbation of the O---O bond lengths 
due to steric effects and to the interaction with the 
dipole moment of the trimethylene oxide molecule should 
become more discrete with decreasing temperature. 

It should be noted that the first two effects apply 
to all solids and have the same theoretical basis in the 
anharmonicity of the intermolecular force field. It is, 
however, common practice to separate them in the way 


described, which corresponds to a ‘temperature dependent 
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harmonic force field’ approximation, because of the comp- 
lexity of a fully anharmonic treatment of the absorption 
by a solid (18, 95). In this approximation, frequency 
shifts are considered to arise from the second effect and 
changes in half-width, peak height, and the resolution 

of the features are considered to arise from the first 
effect. 

The trends observed for TMO hydrate I can clearly be 
attributed to the first two effects, but it is of interest 
to see whether any influence of the preferred orientations 
of the trimethylene oxide molecules in the 14-hedral cages 
can be detected. It is necessary, therefore, to compare 
the temperature dependence of the water absorption of TMO 
hydrate I with that of a phase of ice. The only ice phases 
whose spectra have been reported as a function of 
temperature are ice Ih (32) and a phase made by condensing 
water vapor at -180°C and annealing the film, which was, 
without substantiation, called ice Ic (96). 

Ford and Falk (32) observed a decrease in the frequency 
of the Vop (HDO) band of ice Ih of 7 cm + between 175 and 
75°K, whereas Hardin and Harvey (96) observed a correspond~ 


1 


ing decrease of 1l cm for the v,,(HDO) band of ice Ic. 


A decrease of 5 cmt was found for the frequency of the 
Vop (HDO) band of TMO hydrate I (Table 3.4) between 175 


and 80°K. The decreases in the half-widths of the Vop (HPO) 
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bands in the temperature ranges noted above for ice Ih 32), 
ice Ic (96) and TMO hydrate I (Table 3.4) were Sy 3xand 
7 cmt respectively. 

If it is assumed that the change in the weighted 
mean O---O bond length of TMO hydrate I between 175 and 
80°K is about the same as that for ethylene oxide hydrate, 
then a value of 0.006 A is obtained (97). The slope of 
the line which relates the Vop (HBO) frequency to O---O 
distance in different phases (Fig. 5.1) is 910 cm tat} 
for the disordered phases, and Whalley (98) has noted that 
for ice Ih, the change in frequency per unit change in 
bond length when the bond is changed by varying the temp- 
erature is about twice that found when the bond length is 
changed by varying the phase. Thus the temperature induced 
change of 0.006 A corresponds to a frequency shift of 5.5 
to 1l cm + depending on whether Whalley's factor of 2 
is applicable to the hydrate. It is clear that the 
frequency shift observed for TMO hydrate I is sufficiently 
close to those of ices Ih and Ic, and to that predicted 
from the assumed change in bond length, to prevent any 
influence of a preferential orientation of the guest 
molecules from being inferred. 

The change in the half-width of the Vop (HPO) band 
of TMO hydrate I is comparable to that of ice Ih (32), so 
no influence of any preferential orientation of the guest 


molecules can be inferred. The increased resolution of 
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shoulders seen with decreasing temperature for the Vop ‘#P0) 
band of TMO hydrate I must be at least partly due to the 
diminishing contributions from hot transitions, so it is 
Clearly desirable to draw structural conclusions only from 
spectra recorded at the lowest possible temperatures, 

Since at higher temperatures the results may be misleading. 
It is not possible to decide if the increased structure on 
the band at low temperatures is partly a result of pref- 
erential orientation of the guest molecules until results 
are available of a study of the temperature dependence 

of the spectrum of a clathrate hydrate in which no such 
effect is expected. 

5.3 Absorption by the Guest Molecules 

5.3.1 General 

The discussion of the assignment of the guest 
absorption of TMO hydrate I and TMO hydrate II in Section 
5.3.2 is based on spectra obtained from samples held at 
95°K. In Section 5.3.3, the absorption by the guest 
molecules of TMO hydrate I and TMO hydrate II at 95°K 
and as a function of temperature is discussed. 

In most cases, the guest absorption bands of TMO 
hydrate I and TMO deuterate I have the same frequencies 
(Table 3.1). The same is true for TMO hydrate II and 
TO deuterate II for the cases in which the bands can be 
measured eeehraceiy (Table 4.1). This is evidence that 


the frequencies show essentially no effect of coupling 
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between the guest and water vibrations, and can be taken as 
those of a guest molecule in the static environment of 

the cage. This is consistent with the fairly sharp bands 
seen for the guest absorptions of the deuterates (Fig. 3.5 
and 4.2). Clear evidence of interaction between the guest 
and host vibrations does exist for those guest vibrations 
which overlap the Vox (H2°) and Vp (H50) bands, since the 
corresponding absorptions are reduced from sharp bands 

in the spectra of the deuterates (Figs. 3.5 and 4.2) to 
much less intense bands or shoulders in the spectra of 

the hydrates (Figs. 3.4 and 4.2). Thus in Sections 5.3.2 
and 5.3.3, the guest bands in the spectra of the deuterates 
(Tables#3.leand):451;° Figste3: 50and "452) ‘aretdiscussedy ain 
the approximation that they are characteristic of tri- 
methylene oxide molecules in a static cage environment. 

The only exception is the V5 3 (Bo) band which was only 

seen in the spectrum of TMO hydrate I. 

The guest bands showed no splittings, even when 
recorded at 0.5 cm resolution, although occasionally 
they were accompanied by shoulders. Splittings could have 
arisen from non-equivalent sites occupied by the guest 
molecules and from the coupling of the vibrations of 
neighbouring guest molecules. However the disorder of the 
water molecules in the hydrate structures leads to a 
range of fields at crystallographically equivalent sites, 


which means that although all of the 14- or 1l6-hedral cages 
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are crystallographically equivalent, the sites in these 
cages occupied by the guest molecules are not equivalent, 
because of the disorder of the water molecules. Thus a 
continuous range of sites and therefore frequencies for 
each guest vibration can be expected, rather than a small 
number of discrete frequencies. Also, in general, the 
guest molecules are not oriented in an ordered manner with 
respect to each other, as is the case for the molecules of 
an ordered solid, so the coupling of the vibrations of 
nearest neighbour guest molecules should, again, lead to 
a continuous range of frequencies, rather than the © 
separable frequencies often observed for ordered solids. 
Thus, on these grounds, the lack of splitting observed 
for the guest absorptions of TMO hydrates I and II can 
be understood; however the same arguments apply equally 
to ethylene oxide hydrate, yet the absorption by the ring 
breathing mode of the guest is split, for reasons presently 
unknown, into two components separated by 2 oman (48). 
Thus it is not trivial to point out that no such splitting 
was seen for any of the trimethylene oxide absorptions. 
This lack of splitting is even more significant for 
TMO hydrate I when it is realised that the spectra obtained 
at 95°K were of samples that had fully passed through 
Davidson's ordering transition (Section 1.3.3), which is 
believed to involve the parallel ordering of the guest 


dipoles along the 4 axes of the 14-hedral structure I cages. 
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The conclusion that these samples had fully passed through 
the transition was reached in the following way. A time 
of several weeks, that is a typical time that the samples 
spent under liquid nitrogen before use, was substituted 
into Davidson's (54) expression for the time dependence 
of the dielectric loss of samples quenched to, and held 
at, liquid nitrogen temperature, and the resulting value 
for the dielectric loss was essentially equal to the 
equilibrium value. Clearly the change that occurs on 
passing through Davidson's transition does not result in 
the splitting of the absorptions by the vibrations of the 
guest molecules. 

Thus the only information provided by the absorption 
of the guest molecules of TMO hydrates I and II is the 
frequencies and half-widths of the bands and their 
temperature dependences. These properties are discussed 


in the remainder of this section. 


5.3.2 Discussion of the Assignment of the Trimethylene 
Oxide Absorpiion 

In order to interpret the frequencies of the tri- 
methylene oxide vibrations in TMO hydrates I and II, it 
is necessary to establish the differences between the 
guest frequencies and those of the gas. Further, the 
assignments presented in Tables 3.1, 3.2 and 4.1 were 


obtained by comparing the vibrational frequencies of the 


guest molecule with those of the gas, liquid and solid 
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phases of trimethylene oxide, and a few comments are 
necessary because the comparison was not completely straight- 
forward. 

The assignment of V,(A)). V4lAj), V5(A,), V6 (Az). Vg (Ay). 
DRM ltny (Ra)y Yq (Ap) + Ny (Ad) 1) Yq Ea) a ig amma Ee 
Vj9 (Bo). Vo (Bo), V5 1 (Bo) and Vo (By) is clear froma 
comparison of the frequencies of the guest molecule (Tables 
3.1, 3.2 and 4.1) with those of the gas, liquid and solid 
phases of trimethylere oxide (Table 1.8). 

In Chapter 3, the band at about 1457 cm? was assigned 
to both V4 (Ay) and V1 4 (By) - However it is likely to be 
due solely to V4lAy), because it is probable that V4 (By) 
is at about 1480 cm + in gaseous trimethylene oxide (80), 
and was not observed for the guest molecule. The guest 
absorptions due to V3 (Ay). V5 (By) and Vo4 (Bo) were also 
not observed. The band due to Vo (Aj) was undoubtedly 
merged with the intense band due to V3 (By) in the spectra 
of the structure I deuterate (Fig. 3.9), however it was 
observed as a shoulder in the spectra of the structure II 
deuterate (Fig. 4.5). The assignment of V5 3 (Bo) to a band 
The Wp esiret emut in the spectrum of TMO hydrate I (Fig. 3.4 
and Table 3.1) must be considered as uncertain since this 
mode has been assigned at 784 com> for the gas, and about 
730 cm? for the liquid and solid (Table 1.8). 

The bands observed at 1008 and 999 oma. 967 and 


961 cm™+, and 981 cm? in the spectra of the gas, solid 
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and liquid respectively were assigned to the ring deform- 
ations, V7 (Ay) and V7 (By) (Table 1.8). Lafferty (74) 
assigned V7 fA)) to high frequency of V7 (By) in the infrared 
spectrum of the gas, although this assignment must be 
considered tentative because of the complicated nature 

of the band. No attempt was made to individually assign 

the bands in the spectrum of the solid (76). Thus the 

two absorptions by the guest between 950 and 1010 cm + 
(Tables 3.1, 3.2 and 4.1) can be assigned to the two 
fundamentals Vo and Viz but there is no evidence = indicate 
which has the higher frequency. Further, there appears to 

be no way to decide the correspondence between the two 
structure I bands at about 977 and 990 cm and the two 
structure II bands at about 973 and 990 cm +. I£ this 
correspondence is based on an intensity relationship, the 
structure I bands at 976.8 and 989 cm + (Fig. 3.11) corres- 
pond to the structure II bands at 989.5 and 973.2 cm 

(Fig. 4.6), in the order given. There are basically two 
objections to this correspondence. Firstly, the 12.7 and 
13.6 om”? frequency differences between structures I and II 
are very large compared to those for all the other guest 
modes, which are less than 10 cm except for the 21.1 om 
shift of V9 (Bo) (Tables 3.1, 4.1)... Secondly, toe 
frequencies of all of the other guest vibrations of the 


structure II hydrate are either equal to or less than the 


corresponding structure I frequencies, in contrast to the 
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above correspondence which requires that the frequency of 
a structure II vibration be 12.7 cm? higher than that of 
the corresponding structure I vibration. 

If the correspondence is based on a frequency relation- 
ship, then the structure I bands at 976.8 and 989 oa corr- 
eoponarto the structure IL bands at 973.2 and 98925 oar in 
the order given. The obvious objection to this correspond- 
ence is the large difference in intensity for the correspond- 
mniceabSOrption in the two structures, in contrast. cto whe 
similar intensities expected in the two structures and seen 
for the other guest absorptions. There is no obvious 
solution to this dilemma, so the specific assignments of 
V7 (Aj) and V4 7 (By) in the spectra of both structusesteand 
structure II hydrates must remain uncertain. 

A comparison of the fundamental frequencies of 
trimethylene oxide in the spectra of gaseous trimethylene 
oxide (Table 1.8) and TMO deuterates I and II (Tables 
Beiewand 4.1) at 95°K is givenvin Dable 5.2.9) they fvcquency 
On V53 (Bo) was taken from the spectrum of TMO hydrate I 
geo ook Table 3.1). 

The differences between the vibrational frequencies 
of encaged and gaseous trimethylene oxide Wiel Lebe @ dis= 
cussed in Section 5.3.3 in terms of the intermolecular 
interactions in the clathrate cages. It is, therefore, 
necessary to point out the instances of intramolecular 


Fermi resonance which may contribute to the frequency 
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differences presented in Table 5.2. 

Wieser et al (80) noted that the v = 1 level of the 
B-CH. symmetric stretch, V,(A)), is in Fermi resonance with 
the v = 2 level of the B-CH, deformation, V4 (A,)- The 
bands due to V1 (A,) and 2v,(A,) appear in the Raman 
spectrum of the gas at 2979.0 and 2890.3 ee respectively, 
compared with 2904 cm + for the calculated value of 2v,(A,) 


J. 


(2 x 1452 cm ~). The frequency of v,(A,) in TMO deuterate 


I is 1457 Cai. (Tables 3.1 and 3.2), so the unperturbed 
frequency of the first overtone of the guest vibration 
is about 10 cm + higher than that of the gas. Thus the 
Fermi resonance interaction with the unperturbed v = 1 
level of Vv, (Ay) should be correspondingly larger in the 
structure I hydrate than in the gas, so the frequency of 
the Vv, (Ay) vibration of the guest molecule may be raised 
from that of the gas by this intramolecular effect. 

The second intramolecular Fermi resonance which may 
contribute to the frequency difference between the gaseous 
and encaged trimethylene oxide molecules affects the 


a-CH, antisymmetric stretch, Voq (Bo) which was observed 


2 
P20) .at2957..3 emus; in the spectrum of the gas (Table 1.8). 
Wieser et al (80) noted that Voq (Bo) is in Fermi resonance 
with the combination band Vo (Aj) + Vo4 (By), where Vo4 (Bo) 
is the ring puckering mode. The unperturbed frequency of 
V20 (Ba) in the spectrum of the gas was estimated by Wieser 


Sf.at(80) to. be. 2938..3 cman Further, a strong band occurs 
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in the spectrum of liquid trimethylene oxide at 2934 cm} 


which is almost certainly due to Vo (Ba) so the Fermi 
resonance does not appear to occur in the molecules of 
the liquid. It is unlikely that the Fermi resonance 
interaction between V9 9 (Bo) and Vo (Ay) + Vo4 (Bo) occurs 
in the guest molecule in the 14-hedral cages of the 
structure I hydrate. This is because the guest molecules 
interact sufficiently strongly with the water molecules 
of the 14-hedral cages to stretch the cages (Section 5.2), 
so it is Probable that the intermolecular forces perturb 
the vibrational energy levels of the ring puckering mode, 
thereby removing the upper state of the Vo (A,) + Vo4 (Bo) 
transition from the vicinity of the upper state of Voq (Bo): 
The intermolecular forces should be considerably smaller 
for a guest molecule in the larger 16-hedral cages of the 
structure II hydrate, but they may still influence the 
energy levels of Vo4 (Bo) and, hence, the magnitude of the 
Fermi resonance interaction. 

In order to determine the effect of the intermolecular 
force on Vo4 (Bo) + an attempt has been made to locate the 
ring puckering fundamental of TMO hydrates I and II in the 
far-infrared region. Dr. Steven Jacobs, in this laboratory, 
has recorded the far-infrared spectra of TMO hydrates I and 
II at 4°K, but unfortunately the ring puckering fundamentals 
were not located. Thus, in the absence of more precise 
knowledge, the frequencies of the v5, (B5) vibrations of the 


guests are compared with the unperturbed frequency of the 
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gas, 2938.3 cmt, Since the corresponding vibration in 
the liquid is close to this frequency. 
3-3-3 Vibrations of the Trimethylene Oxide Molecules 

The absorption by the encaged trimethylene oxide 
molecules at 95°K is discussed first, followed by the 
effect of varying the temperature. 

The fundamental frequencies of the guest vibrations 
of TMO deuterate I and TMO deuterate II at 95°K, together 
with those of gaseous trimethylene oxide, are listed in 
Table 5.2. Two trends are clearly evident from a 
comparison of these frequencies: firstly, the frequencies 
ef the vibrations of the guest molecule in the 14-hedral 
cages of the structure I hydrate are higher than those of 
the gas and secondly, the frequencies of the vibrations 
of the guest molecule in the 1l16-hedral cages of the 
structure II hydrate are lower than those of the gas. 

In view of the uncertainty in some of the gas phase 
frequencies (Sections 1.4 and 5.3.2) it is useful to note 
the corollary of these trends, which is that the 
frequencies of the vibrations of the guest molecule in the 
14-hedral cages are higher than those of the guest molecule 
in the 16-hedral cages. 

The frequency of the ring deformation, Vgl(A,), is one 
definite exception to the first trend and, possibly, the 
frequency of the a-CH, wag, Ve (Aj), which was only seen in 


the spectra of pellets, is a second exception. The only 
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exception to the second trend is the frequency of the 
a-CH. antisymmetric stretch, Vag (Bo). and the appropriate 
frequency in the gas phase is uncertain for this vibration 
(Section 5.3.2). There are no exceptions to the corollary. 
In the following discussion the frequency of a guest 
vibration minus the frequency of the corresponding vibrat- 
ion in the gas phase is called the Av value. The zero 
values of Av in Table 5.2 arise from large uncertainties 
in the frequencies of the guest vibration, and have been 
excluded from the above trends and will be ignored in the 
remaining discussion. 

The electric and geometric ‘complexity “ofsthe clathrate 
hydrate cages (35) clearly does not permit meaningful, 
detailed calculations of guest-host interactions such as 
were made by Barnes (1) for diatomic molecules trapped 
in low temperature matrices (Section 1.2). It is, however, 
possible to interpret the observed trends in termsicheeke 
"loose cage - tight cage' ideas of Pimentel Wand Ghanles: (3) , 
which were discussed in detail in Section 1.2. These are 
that the potential energy of interaction between the 
guest molecule and the cage is attractiveras® largemguest= 
cage distances (Fig. 1.1) and results in negative Av values, 
Gratis, “the vibrational frequencies of the guest are low- 
er than those of the gas, whereas at very short guest-cage 
G@vetances (Fig: 1.1) the interaction energy is repulsive, 


and results in positive Av values. The first situation 
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is referred to as a loose cage environment and the second 
as a tight cage environment (Fig. 1.1). 

The positive Av values of the guest vibrations in the 
14~hedral cages indicate, therefore, that these vibrations 
are in a tight cage environment, whereas the negative Av 
values for the guest vibrations in the 16-hedral cages 
indicate a loose cage environment. There is substantial 
evidence to support these indications and their corollary 
that the vibrations cf a guest molecule in a 14-hedral 
cage experience a considerably tighter cage environment 
than those in a 16-hedral cage. 

The tightness of fit of a trimethylene oxide molecule 
in the 14-hedral cage can be estimated by comparing the 
van der Waals diameters of the guest molecule with the 
free (Section 1.3) diameters of the cage. The van der 
Waals diameters of a trimethylene oxide molecule, defined 
as the distance between the oxygen atom and a 8$-hydrogen 
atom and the distance between two a-hydrogen atoms, are 
aewrand 6.2 A respectively. The free diameters of the 
14-hedral cage are about 5.03 A parallel to the 4 axis 
between the hexagonal faces, and 6.43 +0.2 A in the 
equatorial plane perpendicular to this axis; they were 
determined from the structural parameters of the cages of 
ethylene oxide hydrate (Fig. 1.2, Table 1.5), and from a 
knowledge of the ratio of the unit cell parameters of 


TO hydrate I (Section 3.4) and ethylene oxide hydrate I 
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(46). It is evident, then, that the guest molecule is 
severely restricted inside the cage, in agreement with the 
interpretation of the Spectroscopic results. The free 
diameters of the 16-hedral cages are about 6.53 +0.1 A 

as determined from the structural parameters of the cages 
of the double hydrate of hydrogen sulphide and tetra- 
Pyoreoturane (Fig. 1.2)¢Tablesi175)5§ appropriately scaled 
relative to the unit cell parameter of TMO hydrate II 
(Section 4.4). It is evident in this case that the guest 
molecule experiences considerable freedom inside the 

cage, in agreement with the interpretation of the spectro- 
scopic results. 

Evidence on the space available to a trimethylene 
oxide molecule compared to that available to other molecules 
in the 14- and 16-hedral cages can be obtained by a 
comparison of the unit cell parameters of TMO hydrate I and 
II with those of other hydrates. Davidson et al (54) 
obtained a value of 12.15 A at -30°C for the unit cell 
parameter of TMO hydrate I and noted that the unit cell 
parameters of 18 other structure I hydrates near 0°C 
range from 11.97 to 12.14 A. Thus the trimethylene oxide 
molecule is large enough to slightly expand the normal 
unit cell parameter. This is also clearly true at about 100°K 
(Section 5.2). Sargent and Calvert (55) obtained values 
of the unit cell parameters at 135°K of 17.170, 17.166, 
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72161 6172124, 27.118 and 17.095 ‘A’ forthe structure’ If 
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hydrates of tetrahydrofuran, 2,5-dihydrofuran, cyclobutanone, 
propylene oxide, 1,3-dioxolane and trimethylene oxide 
respectively. Thus TMO hydrate II has the smallest unit 
cell parameter which indicates that it fits easily inside 
the 16-hedral cage. 

The degree of freedom experienced by the trimethylene 
oxide molecules in the 14- and 16-hedral cages is also 
reflected in the results obtained from dielectric relax- 
ation studies of the guest molecule. Davidson et al (54) 
noted that the value of 2.1 kcal mole + obtained for the 
Arrhenius activation energy for the reorientation of 
the dipole of the trimethylene oxide molecule in the 
14-hedral cages is " easily the largest so far found for 
the reorientation of a guest molecule in a clathrate > 
hydrate". This severe hindrance to the reorientation of 
the trimethylene oxide molecule by the 14-hedral cage is 
also reflected in the reorientation rate of the dipole 
at 51.5°K, which is 1 kHz and is lower than those of any 
other guest molecule in a 14-hedral cage. Davidson et al 
(56) determined values of 0.41, 0.91, 1.02 and 1.44 
kcal poles for the Arrhenius activation energies associated 
with the reorientation of the guest dipoles in the 16~hedral 
cages of the structure II hydrates of trimethylene oxide, 
tetrahydrofuran, acetone and cyclobutanone respectively. 

It is clear from the above values that a trimethylene oxide 


molecule experiences very. little hindrance to reorientation. 


os ipa 
shee Somkilme 267 oat 

‘obiert yiisse Btls gt saul | 
4 aoe) ann . . 

> ae 

rarto? ets yd heoneiinegee nies . ks 

6 si sepee torhaeet Bas ~PL A> ¥ 

ceo. on obrsostets tot BARAato eens wes 


. 


Ls. 33 eoabived _pisoekget sediry - | 
nt toataado.” ofall Laos ad odin @ 
i atasiscoos edd 20% enna s0-L20 
oi ot ofavelow ebize one faites oad |. 

| : heret ge® of Seentel) eag ikea ™ at 
Io 6 ot Siopolom seerRe: ‘Yajacks 


,izogt etitt OF BCAL2 iid oteroe vat 


wchod-ht 24° 9 olusetan aanereene wa 


j -ctecpekmogp eid ab iE ee +S 
cat eh bee pet ee aoe 
is 2 


2 sa ents lorthed-bf gms 


ete S62 y felt theo ae 
ews: “45 ineiioaas 
» soem ote Se-qehzedes 
ert Qo extended Wz sist 
cloreiiotoys Sip, eaeae 
ijomiut » 2a0? eapliey Gaaee 


oes S82 @peet. algaal 


227 


in the l16-hedral cages. This is also reflected in the 1 kHz 
reorientation rate of the trimethylene oxide dipole at 
12.1°K which is unusually fast for a guest molecule in the 
16-hedral cage. In summary it can be said that there is 
substantial evidence that a trimethylene oxide molecule 
is severely restricted in a 14-hedral cage, whereas it 
experiences considerable freedom in a 16-hedral cage, and 
that these conclusions agree with the interpretation of 
the experimental frequency shifts in terms of Pimentel and 
Charles' (3) loose cage - tight cage ideas. 

The interpretation of the experimental results can 
be extended by considering separately the Av values for 
5 and B-CH, vibrations Of TMO deuterate I. The average 
of the available Av values of the a-CH. VaibpracLOncm  ercucme on. 


whereas that for the 8-CH, vibrations is +9.7 eae 


the a-CH 


These values can be interpreted in terms of Pimentel and 
Charles' (3) ideas to mean that, on average, a B-CH. 
vibration experiences a tighter cage environment than an 


o-CH. vibration. This is consistent with the preferential 


2 
orientation of the trimethylene oxide molecules in the 
14-hedral cages proposed by Davidson et al (54), as shown 
by the following argument. According to Davidson et al 
(54), a trimethylene oxide molecule preferentially orients 
its dipolar axis along the 4 axis of the 14-hedral cage, 


which passes through the middle of the two opposing hex- 


agonal rings (Fig. 1.2). This axis is collinear. with the 
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e ° 
shortest free diameter of the cage, 5.03 A. The van der 


Waals diameter of trimethylene oxide along its dipolar 
See 25 5:35 he So the oxygen atom and the B-CH, group 
must extend into the hexagonal rings to a certain extent. 
The oxygen atom can enter the hole in the middle of the 
hexagonal ring, whereas the B-CH. group cannot. The B-CH. 
group must, therefore, experience significant repulsive 
interactions with the cage. The cage diameter perpendic- 
ular to the 4 axis is about 6.4 A and it must accomodate the 
6.2 A diameter of the trimethylene oxide molecule. between 2CS 
two a-CH. groups. Thus the two a-CH, groups should experience 
smaller repulsive interactions with the cage than the B-CH. 
group. Thus, the interpretation of the average Av values 
for the vibrations of the a- and B-CH, groups by the ideas 
of Pimentel and Charles (3) provides further evidence in 
support of the preferential orientation proposed by 
Davidson et al (54). However, this evidence should be 
used with caution, because Av values are not available 
for all of the vibrations of the a- and B-CH. groups. 

The vibrational frequencies of the structure I 
hydrate of ethylene oxide at 100°K have been determined 
by Bertie and Othen (13, 48), so it is of interest to 
see if they can be interpreted in terms of the ideas of 
Pimentel and Charles (3). The frequencies of gaseous and 
encaged ethylene oxide, which were taken from reference 13, 


are listed in Table 5.3, together with the Av values. 
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Table 5.3 


Comparison of the Fundamental 


Frequencies® of Ethylene Oxide in the 


Spectra of Gaseous Ethylene Oxide 


and the Structure I Hydrate of 


Ethylene Oxide 


Vibration Symmetry 
C-H stretches A) 
i) 
eh) 
E 
CH, deformations Ay 
es) 
Ring vibrations A) 
Ay 
Ba 
CH. wags A, 
Zi 
CH, rocks Ay 
2 
CH, twists Ay 
Bo 


Vv 
gas 


3018 


3005.9 
3065.2 


1498.4 
1471.9 


1270.3 
876.9 
872 


1148 
1150.8 


821.2 


1142.0 


“hydrate 
3008 


1144 


+ 5 
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a) In om. They were taken from: D. A. Othen, Ph.D thesis, 


University of Alberta, 1972. 
b) The less intense component o 


Bey. = Vhydrate ¥ ‘gas 


o 


f this doublet is at 1270 cm ~. 
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Nine out of twelve of the Av values are negative with 
the average value being -5.2 cmt, This can be interpreted 
to mean that, on average, the vibrations of an ethylene 
oxide molecule in a 14-hedral cage are in a loose cage 
environment and, in particular, in a considerably looser 
cage environment than the vibrations of a trimethylene 
oxide molecule in a 14-hedral cage, since the average Av value 
for the latter is +4.5 om >, ‘There is ample evidence to 
indicate that this interpretation is correct. 

The largest van der Waals diameter of ethylene oxide 
2 rhs awe 4 A between the methylene groups (42), which can be 
compared to the values of about 6.3 and 4.8 A for the free 
diameters of the 14-hedral cage of ethylene oxide hydrate. 
The corresponding comparison for TMO hydrate I was 6.2 A 
for the guest diameter compared to 6.4 and 5.0 A for the 
cage diameters. The unit cell parameters for ethylene oxide 
hydrate and TMO hydrate I are 11.89 (46) and 11.95 (Section 
3.4) A respectively. The Arrhenius activation energy 
associated with the reorientation of the ethylene oxide 


1 (99) compared to the value of 


dipole is 1.4 kcal mole 
209 koa lL metas for TMO hydrate I (54), and the temperature — 
at which the ethylene oxide dipole reorients at a rate of 

1 kHz is 28.0°K compared to the value of 51.5°K for TMO 
hydrate I. All of the above evidence shows that an 


ethylene oxide molecule experiences much more freedom in 


a 14-hedral cage then does a trimethylene oxide molecule, 
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in agreement with the interpretation of the spectroscopic 
results using Pimentel and Charles' ideas. 

It is apparent from the foregoing discussion that 
the ‘loose cage - tight cage' ideas of Pimentel and Charles 
(3) can successfully interpret the frequencies obtained 
for trimethylene oxide and ethylene oxide molecules trapped 
in the cages of the clathrate hydrates. It is likely, 
therefore, that they can be applied to the guest vibrations 
in all of the structure I and II clathrate hydrates. It is 
noteworthy that the frequencies obtained for liquid 
trimethylene oxide (Table 1.8) and ethylene oxide (13) can 
be interpreted as reflecting a loose cage environment for 
the molecules in the liquid phase. Pimentel and Charles 
(3) noted that it is possible that the "liquid state at 
normal temperatures is, inherently, always a loose cage", 
Since the thermal agitation will tend to counteract the 
development of significant repulsive forces. The average 
Av value of +4.5, -3.1 and -5.2 cm? for TMO hydrate I, 
TMO hydrate II and ethylene oxide hydrate I clearly reflect 
the general situation that trimethylene oxide molecules in 
the 14-hedral cages are severely restricted whereas tri- 
methylene oxide molecules in the 16-hedral cages, and 
ethylene oxide molecules in the 14-hedral cages, are not. 
However, from the foregoing discussion of the non-spectro- 
scopic evidence, it is clear that trimethylene oxide 


molecules in the 16-hedral cages experience more freedom 
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than ethylene oxide molecules in the 14-hedral cages. The 
fact that the average Av values are not consistent with 
this conclusion may be due to the errors associated with 
the average values or to the insensitivity of the loose cage- 
tight cage approach to the details of loose cage environ- 
ments. It is noteworthy that this approach should be 
much more sensitive to the details of tight cage environments 
than to those of loose cage environments, since the attractive 
and repulsive interaction energies have une and noes 
dependences respectively. 

The half-widths of the guest bands in the spectra 
of potassium bromide pellets of TMO hydrate I and TMO 
deuterate I at 95°K given in Tables 3.5 and 3.6 are 
essentially the same as the corresponding half-widths in 
the spectra of mulls (Section 3.2.3). For TMO deuterate I, 
the half-widths range uniformly from 2.9 to 9.0 cmt, 
apart from the 11.4 and 14.2 cm  half-widths of the C-H 
stretching bands due to V4 (Ay) and V3 (By) respectively. 
The measurable half-widths of the guest bands in the spectra 
of TMO deuterate II (Section 4.2.2) are essentially the 
same as their structure I counterparts. The half-widths of 
the guest bands in the spectra of ethylene oxide deuterate 
I (48) are between 2 and 5 em except for the bands at 


2 . oy) 
872 and 3069 cm, which have half-widths of 7 and 8 cm 


respectively. 


The various factors that can contribute to the half- 
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widths of guest bands of clathrate hydrates can be summar- 
ised in the following way. First, the static interactions 
between the guest and the Cage or other guest molecules, 
due to electrostatic, inductive, dispersive and repulsive 
forces (Section 1.2), differ from cage to cage because of 
the disorder and thereby broaden the guest bands. Second, 
the dynamic interactions due to fluctuations in the forces 
listed above during the vibrations of the guest and cage 
molecules cause the vibrations of the guest to couple 
with those of the water molecules, which broadens the 
guest bands because there is a continuum of water molecule 
vibrational frequencies and because of the disorder. - 
Further, the dynamic guest-guest interactions broaden the 
bands because of the disorder. Third, the rapid, but 
hindered, reorientation of the guest molecule can cause 
broadening of the vibrational bands, as is observed in the 
spectra of liquids (100). Fourth, broadening results from 
ee eins anharmonic effects of the guest molecule, 
and anharmonic coupling between the intramolecular vibrations 
of the guest molecule and its translational and rotational 
vibrations in the cage. 

One type of dynamic interaction is between the transition 
dipoles of the guest and water vibrations or between those of 
the same vibration of different guest molecules. Broadening 
from this source should increase as the intensity of the guest 


or water absorption increases. This interaction is probably 
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responsible for the modification of the guest bands which 
are superimposed on the intense Von (#59) and Vp (H50) bands 
in the spectra of the hydrates (Figs. 3.4 and 4.2). In the 
spectra of the deuterates, however, no correlation between 
the breadth and the intensity of the guest bands is evident 
(Figs. 3.5 and 4.2), so this interaction cannot be the 
dominant cause of the breadth of these bands. 

Trimethylene oxide expeniences larger interactions 
with the 14-hedral cage than does ethylene oxide because 
of its larger size. Thus the broadening due to the static 
and dynamic interactions between the guest and the cage, 
except for the transition dipole interactions discussed 
above, should be greater for trimethylene oxide than for 
ethylene oxide. Thus this interaction can explain 
the larger half-widths observed for TMO deuterate I than 
for ethylene oxide deuterate I. However using this 
argument, the breadths of the guest bands of TMO deuterate 
II should be smaller than those of TMO deuterate I, and 
this is not the case. It must be concluded, therefore, 
that this source of broadening is not the dominant one. 

An estimate of the contribution from rotational 
broadening can be made using the equation, which is based 


on the uncertainty principle, 


5 


WN) a ’ 


where Av is the half-width due to reorientation in cm , 


f is the rotational relaxation frequency in Hz and c is the 
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speed of light in cm sect, The rotational broadening 
contributions are 0.001, 0.2 and 0.5 cm? at about 95°K 

for TMO hydrate I, TMO hydrate II and ethylene oxide hydrate I 
respectively, as calculated from their respective re- 


orientation rates of 1.2 x 10’ CS yoo e207 x 10° (56) and 


1X 10° (99) Hz. Clearly, rotational broadening is not 
the dominant contribution. 

Thus the breadth of the guest bands may be largely due 
to the fourth effect noted above, the anharmonic effects in 
the guest molecule and anharmonic interactions between the 
intramolecular vibrations of the guest and its rotational 
and translational vibrations in the cage, or may depend on 
all of the factors listed above in a complicated way. 

The remaining discussion deals with the temperature 
dependence of the frequencies and half-widths of the 
guest bands of TMO hydrate I and TMO deuterate I between 
Beaeand 62°K (Figs. 3-17 to 3.20, Tables 3.5 and 3.6). “It 
should be noted first that no marked changes were observed 
in the frequencies, half-widths or band shapes on passing 
through Davidson's (54) ordering transition. Thus the 
mid-infrared spectra provide no evidence concerning this 
transition. With decreasing temperature, three out of 
four of the absorptions due to the B-CH, vibrations shifted 
to high frequency, while three out of four of the absorpt- 
ions due to the a-CH., vibrations and three out of four of 


the absorptions due to the ring vibrations shifted to low 
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frequency. The half-widths of all of the bands decreased 
and their peak heights increased on cooling. It is note- 
worthy that the temperature dependence observed for the 
clathrate hydrate was much larger than that observed for 
naphthalene (Section 3.3.1), a solid which may be consider- 
ed as Preeacterictic of ordered molecular crystals. 

The temperature dependence of the frequencies of the 
guest bands must be due to the temperature dependence of 
the static and dynamic guest-cage (Section 1.2) and guest- 
guest interactions and to intramolecular anharmonic effects. 
Thus it is clear that the origin of the temperature 
dependence may be very complex. However it is noteworthy 
that the trends observed for the a- and B-CH. vibrations are 
consistent with the increased occupancy of preferred 
orientations with decreasing temperature. The only comment 
that can be made about the temperature dependence of the 
half-widths of the guest bands concerns the broadening 
due to the rapid reorientation of the guest molecule. The 
reorientation rates of the guest molecule at 175 and 62°K 
can be calculated, using the Arrhenius rate law, from 
dielectric measurements (54) below about 90°K to be 
9 4 


1.9 x 10° and 3.2 x 10° Hz, respectively. The half-widths 


of the guest bands due to these reorientation rates are 
13 ana 2.1L X ons ee respectively, so the reorientation 
does not contribute significantly to the temperature 


dependence of the breadth. 
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Chapter Six. Vibrational Spectra of Thiophosphoryl Chloride 


6.1 Introduction ‘ 
6.1.1 General Introduction 
Soest ee ee VC CLON 


The last chapter of this thesis is concerned with the 
vibrational Spectroscopy of thiophosphoryl chloride, SPCl... 
The structure and vibrations of this molecule are presented 
in Section 6.1, together with a review of the previous 
studies on thiophosphoryl chloride which are relevant to 
this work, and a statement of the aims of this study. The 
experimental techniques which were used to record the mid- 
and far-infrared spectra and Raman spectra, are covered in 
Section 6.2. The results of these investigations are 
presented in Section 6.3. The normal coordinate analysis 
of Section 6.4 produces a reasonable force field for the 
molecule, and provides the isotope shifts which are necess- 
ary for the assignment of the spectra. The experimental 
results, together with those predicted by the normal co- 
Ordinate analysis, are discussed in Section 6.5. 

6.1.2 The Structure and Vibrations of Thiophosphoryl Chloride 

The molecular structure of gaseous thiophosphoryl 
chloride has been studied by electron diffraction (101 - 103) 
and microwave spectroscopy (104). ‘The structural par- 
ameters used in this investigation were taken from the 
microwave results (104): r(P=S) = 1.85 40.02 A; 


a ; 
x(P-Cl) = 2.02 +0.01 A; @(C1-P-Cl) = 100.5 41°; 
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8(S=P-Cl) = 117.4 41°. 
The molecular structure and the designation of the 
atoms is shown in Fig. 6.1. Only the six most abundant, 


naturally occurring isotopic forms of the molecule will be 


considered in this study. They are oe eh} 22 Sprecr e 2 cay 


3! 2 
maStnacl: Cl, Basra ecls: ‘Sher Che and aOSEaRCLa hom 


Thiophosphoryl chloride contains five atoms and therefore 


has nine normal modes of vibration. The molecules 325p35 04 


ase >) cls, and ech ech, belong to the point group C 


ae 


and it can be shown by standard methods (105) that their 
normal coordinates form the representation: 


3A, + 3E 


Since vibrations of Ay and E symmetry are active in both 


infrared and Raman spectra under the point group C (T0535, 


3Vv 


a total of six fundamental bands is expected. An approx- 
imate description of these modes is given in Table 6.1. 


The numbering scheme follows Herzberg (106). 


Sa 
The molecules epsumecly an cls 3253390] Cl. and 


oe Cl, 


normal coordinates form the representation: 


Cl belong to the point group Cos and their 


6A' + 3A" 
All nine vibrations are expected to be active in both 
infrared and Raman spectra (105). An approximate descript- 


ion of these modes is given in Table 6.2. 
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Fig. 6.1. Molecular structure of thiophosphoryl chloride. 
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Table 6.1 


Approximate Description of the Fundamental 
Vibrations of Thiophosphoryl Chloride, 


Point Group C3y° 


Mode ° Approximate Description 
Vy (Ay) P=S stretch 

Vo (Aj) P-Cl stretch 

v3 (A) C1-P-Cl deformation 
Vv, (E) P-Cl stretch 

Vz (E) Cl1-P-Cl deformation 
V¢ (E) S=P-Cl deformation 


a) Numbering scheme follows Herzberg (106). 
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Table 6.2 


Approximate Description of the 
Fundamental Vibrations of Thiophosphoryl 


Chloride, Point Group C.- 


Mode 7 Approximate Description” 
Vv, (A") P=S stretch 
Vo (A') antisym. P-Cl stretch 
V3 (A") sym. P-Cl stretch 
v4 A") sym. C1-P-Cl deformation 
Vv, (A") antisym. C1-P-Cl deformation 
V_ (A") S=P-Cl deformation 
Vz (A") antisym. P-Cl stretch 
Vg (A") antisym. C1-P-Cl deformation 
Vg (A") S=P-Cl deformation 


a) Numbering scheme follows Herzberg (106). 


b) sym. = symmetric and antisym. = antisymmetric. 
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6.1.3 Previous Studies of the Vibrations of Thiophosphoryl 


Chloride 

The first work on the vibrational spectrum of 
thiophosphoryl chloride was reported in 1936 by Thatte (107). 
In this study of the Raman spectrum of the LigQi@Ed),. tite 
frequencies of six fundamental vibrations were given, 
including one at 382 cm, The P=S stretching vibration 
was assigned to the band at 750 cm™+, Avyearw latest 
another study of the Raman spectrum of the liquid, Simon 
and Schulze (108) reported similar frequencies for the 
fundamental vibrations. Gerding and Westrik (109) re- 
studied the Raman spectrum of the liquid, after noticing 
that the correlation from phosphoryl chloride, POC1., 
to thiophosphoryl chloride, showed a consistent decrease 
in the frequency of each fundamental except for the one at 
382 cm7, which corresponded to the fundamental of 
phosphoryl chloride at 337 cmt, They concluded that the 
band at 382 ene was not fundamental, but was due to the 
fundamental at 435 cm > excited by a different line of the 
mercury lamp source. This left only five of the six 
fundamentals located, which led the authors to suggest that 
the apparently depolarised band at 250 cm™+ was, in fact, 
two bands, one polarised and one depolarised. These authors 
assigned the fundamental frequencies to specific modes of 


vibration for the first time, and this assignment indicated 


that the symmetric and antisymmetric C1l-P-Cl deformation 


. twady oa sett ger eebe ai 1S OSe ie 
 bivplt eta Fo evxsoqe Me ~— 

corte exeu aobeanery st | ‘ 
go2tetdi oadieise ave oft < a, et 
tajal Seay A Nel 0 aad #6 wabda 
2 -biupit sot te Seager 
aie tat enionspest ~slimka tegdaget 4 
as (eOi) Atxse98 hie patbae® “> 
‘titon te¢te ,Stuptl oe Renae 
shixnoidg lyrodqaorg enw fno2 
tas jensen 6 bewode ,ebknoiia = 

~) soouss {atone bal 4 to 
+ ersbac} ett oo) Sehaingaemey fo 
ap." (06 de ehbxoide 
‘od ,lstrensbaet 2a Sw A eg, 4 
s vd bogkexe > me eee 35 
in evi. vino 23m slid? Jeparor 
esoddee ots bod Wslhiw [BewReot ves 
oo ) =e 024 a5 Oredty SORETAROqee ete 53 
y= teleqgeb one bite Ree tupieg Gees 
paegt ot atrepes? iarnosoba’ 
| ras hes ,omad chensie s3d 2 


. 1o+@+fo: obtemnyaiees 2a 


243 


modes, V3 (A,) and V5 (E) respectively, were the vibrations 
Coancident,at 250 cm™+, This interpretation of the spectrum 
was accepted by Dewaulle and Francois (110). 

The first study of the infrared spectrum of 
thiophosphoryl chloride was carried out by Cilento, Ramsay 
and Jones (111). From the infrared spectra of the vapour 
and liquid in the region 400 - 1600 ema: they were able 
to assign three fundamentals which were in good agreement 
with the Raman studies. Durig and Clark (112) re-examined 
thejinirared’ spectra of) the gas:and. liquid, including; the 
250 em + region, and the Raman spectrum of the liquid. The 
spectrum of the gas contained a band near 250 cm? which 


I and 248 cm +, anda 


had two. sharp features; at 252-cm_ 
contour that was not readily attributable to the super- 
position of bands due to V3 (Ay) and V, (EB). The assignment 
of the two sharp features to V3 (A,) and Ve (E) was, therefore, 
very tentative. Neither the infrared nor the Raman spectrum 
Ome nenl iguid.in this, region,» showed: anynevidencesorathe 
presence of two bands. Goubeau and Kottgen (113) attempted 
to correlate the P=S stretching frequency with the nature 

of the substituents in a series of thiophosphoryl compounds, 
and included a report of the infrared and Raman spectra of 
thiophosphoryl chloride. However, this work supplied no 
further evidence on the assignment of the spectrum. 


The only work published on solid thiophosphoryl 


chloride is a study of the infrared spectrum at Fir ado: ROSE 
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Marsault - Hérail and Tartar (114). They assigned a band 
& 


ay Es 
at 248.4 cm, with shoulders at 251.6 cm) and 245.3 cm72 


to Ver the antisymmetric Cl-p-c] deformation, and the bands 


ul 


at 226 cm ~ and 222 cm? to Var the symmetric C1l-P-Cl 


1 


deformation. They also observed three bands Ate 433e5 cm. 


BO Sent 


and 427.5 cm” > due to Vor the symmetric P-Cl 
stretching mode. They attributed the triplet character of 
this band to intermolecular coupling and isotopic splitting. 
Table 6.3 lists the frequencies from the fore-mentioned 

studies (107 ~ 114). None of the above-mentioned authors 
reported any isotope splitting in spectra of the gas and 
liquid. A study of the Raman spectrum of gaseous 
thiophosphoryi chloride at 185°C by Clark and Rippon (115) 
was publisheG two years after completion of the work 
presented in this chapter. The results obtained in that 
study (115) will be discussed in Section 6.5. The remain- 
ing publication (116) on the vibrational spectra of 
thiophosphoryl chloride contains the work presented in this 
chapter. 

| There have been a number of attempts to analyse the 
normal coordinates of thiophosphoryl chloride, but unfort- 
unately most of them suffer from simplifying assumptions 
Or mistakes. Maiants and co-workers (117) performed a 
normal coordinate calculation assuming all angles to be 
tetrahedral. The symmetry coordinate which Ziomek and 


Piotrowski (118) set equal to zero, is only correct if the 
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angles are tetrahedral. If this coordinate was omitted 
from the calculation by these workers, their force field 
must be wrong (119). They (118) also used the wrong value 
for the C1-P-Cl angle. Nararajan (120) and Venkateswarlu 
et al (121) used the band 382 cmt, discussed earlier, as 
the Ve (E) fundamental. In the calculation carried out 
by Ramaswamy and Rao (122), incorrect values for the 
angles were used. Cyvin and co-workers (123) calculated 
force constants, mean amplitudes of vibration, Coriolis 
coupling constants and thermodynamic functions for 
thiophosphoryl chloride, using the correct frequencies and 
molecular parameters. However, these authors used twelve 
symmetry force constants to explain six observed frequencies. 
The remaining theoretical work in this field is by 
Venkateswarlu and Joseph (124), who calculated the cent-_ 
rifugal distortion constants, and Nagarajan (125), who 
determined the mean amplitudes of vibration, in apparent 
disagreement with Cyvin et al (123). 
6.1.4 Aims of this Study 

The primary aim of this study was to attempt to pro- 
vide strong experimental evidence of the assignment of the 
C1-P-Cl deformation vibrations, V3 (Ay) and Ve(E), of 
thiophosphoryl chloride. A subsidary aim was to observe 
and assign the absorption by the various naturally occurr- 


ing isotopic forms of the molecule. This required that 


normal coordinate calculations be carried out to estimate 
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the separation of the frequencies of these various isotopic 
forms. If only six frequencies are available as experimental 
data, a maximum of six force constants can be deduced. 

The only calculation in the literature that is free from 
obvious errors or simplifying assumptions, is that of 

Cyvin and co-workers (123), and they used twelve symmetry 
force constants to explain six frequencies. Therefore 

it was decided to develop a modified valence force field 

with only six force constants to explain the observed 


frequencies. 


eer ad nes 
mort aoxt aA aed Sart: 
26 darts al (anokiqneas ® P 
vedere’ ew Taw? heen gods Bi 
sia7125? feast 


e- +yxO% esnelav ios abt a 


—wrpaeedt> pt? atatines od ® 


’ 
—— 


wi 
4 


672 Experimental Technigues 
65221) Sample Handling and Cells 


Thiophosphoryl chloride used in this investigation 
was initially obtained from Columbia Organic Chemicals. 
This product was analysed by gas-liquid cnvomatearanne 
using a 10% SE 30 column, 10' x %". Two impurities, both 
more volatile than thiophosphoryl chloride, were found, 
and together these amounted to a 0.5% impurity. About 
10 ml of the liquid was put into a glass storage eee 
fitted with a stopcock and ground glass ball joint, both 
lubricated with silicone grease, for connection to a 


conventional vacuum line. The sample was evaporated in 
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vacuum until two-thirds of its original volume remained and 


the chromatogram of the remaining fraction showed a 0.3% 
impurity. Repetition of this procedure reduced the total 
impurity to 0.2%, which could not be improved by further 


evaporation. Spectra obtained from the commercial sample 


and purified fractions showed no differences. The identity 


of the impurities is unknown, however, from their relative 


volatilities, as demonstrated by the chromatograms, 
phosphorus trichloride and phosphoryl chloride are 
possibilities. 

Thiophosphoryl chloride used near the end of this 
investigation was obtained from Alpha Inorganics. The 
purity of this product was checked by recording the 31, 


n.mM.xr. spectrum over a wide range of chemical shift, 
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including the regions where phosphoryl chloride and phos- 
phorus trichloride absorb. The spectrum showed a Single 
resonance at a chemical shift of -26 p.p.m. relative to 
phosphoric acid, indicating the presence of only thio- 
phosphoryl chloride (126). 

Gas samples for mid-infrared spectra, above 200 cmt, 
were contained in a conventional gas cell with a 10 cm 
optical path. Cesium iodide windows, 50 mm x 6mm, were 
attached to each end using glyptal cement. The gas cell 
was evacuated to a pressure of less than 0.01 Torr, measured 
by an Edwards High Vacuum Speedivac Pirani Gauge, Model B5, 
and subsequently filled to pressures, measured by a mercury 
U-tube manometer, varying between 1 and 10 Torr of 
thiophosphoryl chloride. 

Gas samples for far-infrared spectra, below 300 cme 
were contained in the stainless steel gas cell shown in 
Fig. 6.2, which has a 10 cm optical path and was fitted 
with polyethylene windows. The cell consists of a 5.75" 

x 5.75" x 0.5" stainless steel top plate, A, in which is 
embedded a 5.5" diameter O-ring, B, which forms a vacuum 
tight seal to the sample compartment of the interferometer. 
A stainless steel cylinder, C, 3" x 1.25" o.d., 1" i.d., 
is connected through the middle of the plate by a 0.375" 
o.d. stainless steel tube, D, to a glass stopcock, E, which 


is attached to a ball-joint for coupling to a vacuum line. 


A flange, F, 2.3" 0.d., at each end of the cylinder, 
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Fig. 6.2. Far-infrared gas cell: A, top plate; B, O-ring; 
C,ecvyiunder; D, tube; E, stopcock; F, flanges; G, O-rings; 
H, windows; J, end plates; K, filter holder. 
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contains a 1.35" diameter O-ring, G, which provides a 
vacuum tight seal with the polyethylene windows, H. These 
windows are held in place by the end plates, J. The 
optical filter holder, K, is attached to one of the end 
plates. One side of each polyethylene window was conical, 
double angle 172.5°, to remove interference fringes from 
the spectra. 

Liquid samples for Raman scattering studies were 
obtained by syringing the commercial thiophosphoryl 
enlopidetd rectly “into atélcmm itd. icapiblany ctubepiand 
sealing the end with a torch after freezing the sample. 
Gas-liquid chromatography of the Raman samples after use 
showed no decrease in purity. 

6.2.2 Spectrophotometers 

Mid-infrared spectra, above 200 ones were recorded on 
the Beckman I. R. 12 Spectrophotometer described in 
Chapter 2. 

Far-infrared spectra, below 300 cua were obtained 
using a Beckman - R.I.1I.C. F.S.720 Michelson Interfer- 
ometer. This instrument can be evacuated to less than 
0.01 Torr to eliminate the absorption by water vapour. The 
design, theory and operation of far-infrared interferometers 
is well documented (127, 128), and only a brief description 
is given here. The collimated light from the mercury source 
is split into two beams by one of the five beam splitters, 


of various thicknesses, available. One of these beams is 
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reflected by a fixed mirror and the second is reflected by 
a mirror which is continually moving to provide a 
continuously changing path difference between the beams. 
The two beams are recombined by the beam splitter, and 
pass through a long-wave pass, optical filter and the 
sample before reaching the Golay detector. The intensities 
of the light reaching the Golay detector at evenly spaced 
values of the path difference. are transformed to digital 
voltages and punched onto I.B.M cards. An equal number 

of points each side of zero path difference are collected. 
This digitised interferogram is then Fourier transformed 
using the Fortran programme BOBS IV, which was written in 
this laboratory. This programme employs the I.B.M. 
subroutine RHARM to perform a sine plus cosine Fourier 
transformation, and offers the option of apodization by a 
maranaquiar, function (127). ‘The result of the Fourier 
Eranstormation is’ a spectrum which consists Ofmtnesin cen. 
sities at evenly spaced wavenumbers from zero to a 
maximum value, Dike where Ax is the separation of the 
path difference values at which the intensities were 
measured. The accuracy of the wavenumbers thus depends on 
the accuracy of Ax. Calibration spectra using water vapour 
(129) showed the wavenumbers to be accurate to better than 
0.2 om), Appropriate choices of the beam splitter, long- 
wave pass optical filter and Ax permit examination of all 


regions of the spectrum between 10 and 380 cm ~ with good 
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precision. 


Sample and reference interferograms were recorded, and 
Fourier transformed to the corresponding. spectra. .These 
were then ratioed and the absorbance was calculated, and 
the absorbance-versus-wavenumber spectra were plotted by 
an off-line CALCOMP plotter. Several absorbance spectra 
may be averaged to increase the signal to noise ratio. 

The resolution of an unapodized spectrum is equal to the 
reciprocal of the maximum path difference (128), which was 
0.77 cm in this study. This, therefore, gave a resolution of 


123 oa 1 


which, on apodization, is lowered to 2.0 cm (130). 
The Raman Bpectrophotometer consisted of a Carson 
Laboratories model 10SP Ar’ /Kr* laser, a Spex model 1401 
double monochromator, a Spex model 1420 sample illuminating 
chamber, a Spex model 1419 sample module, a cooled FW 130 
photomultiplier tube, photon counting electronics and a 
strip chart recorder. All Raman spectra were excited by 
the 4880 A Ax’ laser line at a power of approximately 80 mw 
at the sample. Unwanted emission lines were removed by 
filtering the incident beam. Spectra were obtained using 
the 90° scattering geometry. The incident light was 
Pel arised with the electric vector perpendicular to the 
direction of scattering, and the polarisation of the 
Scattered light was selected by a polaroid analyser, and 


subsequently destroyed by a polarisation scrambler in front 


of the entrance slit. The frequency accuracy of the 
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monochromator was periodically checked with carbon tetra- 


chloride (131), benzene (106) and indene (132). Each time 


the spectrophotometer was used, the frequencies were 


calibrated using the symmetric C-Cl stretching bands of 
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6.3 Results 


6.3.1 General 


Para 3 


In this section, the results of the gas phase infrared 


and liquid phase Raman studies will be presented. This 


will be followed by an analysis of the effect of impurities 


produced by the reaction of thiophosphoryl chloride on the 
window material. 

The natural abundance of chlorine isotopes in thio- 
phosphoryl chloride can be calculated using the standard 
formulae of the theory of combinations (133): 


£03 5)2 = 000755 3 (85) -and’l (3'7.)" = 0.22447 885) 
35) 


Whenbesi(35)2 1s “the naturally oceurring fraction*er Cr 
anomns7)- is) the Naturally occurring “fraction of Seals 
and, 
Shs) 3H), Ls x n=x n! 
£ (SP Cl, ro EBS) SE C37) Sats ETE hie 
wae Lemnw—as and: x = 0, 1, 2 Or, 3: 


Thus natural thiophosphoryl chloride is, considering only 


35s? 
giiorine isotopes, 43-13 of SP Cl, 41.9% of sP Gly Cl, 


13.6% of SP2°cl2’Cl. and 1.5% of SP°’cl.,. Therefore the 


2 3 
possibility of observing bands due to at least two, and 
possibly three, isotopic species, must be considered. 


Further, 4.22% of each species listed above will contain 


oT O276¢ will. contain 336 and the remainder will 
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spectrum and the liquid phase Raman spectrum are well known 
(112) and will not be repeated here. Rather, a detailed 
study of the individual bands will be shown, paying 
particular attention to the Cl1-P-Cl deformation region 
around 250 cm, and to the occurrence of any isotopic 
splitting of the fundamental bands. Before presenting the 
results, it is necessary to briefly discuss the shapes 
expected for the vibrational-rotational bands of the gas. 

Since the molecules of C3y symmetry are symmetric 
tops, the gas phase band contours of the Ay modes are 
expected to show a well defined PQR structure (106). The 
band contours of the E modes, however, are strongly 
dependent on Coriolis coupling, and may vary for different 
normal vibrations (106, 134). The molecules of Ce symametry 
can be shown, from their moments of inertia, which are 
given in Table 6.4, to be rotors of Ueda and Shimanouchi's 
(81) type 40. The A, B and C band contours for this type, 
all show (81) a strong Q branch flanked by weak P and R 
branches. 
6.3.2 C1-P-Cl Deformation Vibrations 

The symmetric and antisymmetric Cl-P-Cl deformation 
vibrations, V3 (A) and V, (E) respectively, are expected to 
absorb near 250 ene The absorption by these vibrations 
was studied using the interferometer described earlier. 


Curve B of Fig. 6.3 shows the absorbance of about 
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Fig. 6.3. Infrared spectra of gaseous thiophosphoryl 


chloride between 235 and 265 cm i at. 25°C and e2ecm “ resol- 
ution: curve A, gas at 1 cm pressure, 10 cm path, cesium 
iodide windows; curve B, gas at 1 cm pressure, 10 cm path, 
polyethylene windows; curve C, polyethylene windows with 
adsorbed thiophosphoryl chloride. Curves D are the 

Raman spectra of liquid thiophosphoryl chloride in the same 


region,at.25°C and om7> resolution using no analyser. 
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between polyethylene windows. Noise on the wings of this 
band has been smoothed. The two sharp peaks occur at 

251.4 cm) and 247.7 cm.) Curvenares Fig. 6.3 shows the 
average of three spectra which were run consecutively on 
the same sample of thiophosphoryl chloride contained between 
cesium iodide windows. The two central peaks are at the 
same frequencies as in curve B, and the high frequency 
Pandiiseats258.3'cm +. Noise onuthe Jon frequency shoulder 
has been smoothed. The origin of the difference between 
curves A and B can be seen in curve C, which is the spectrum 
of the evacuated cell with polyethylene windows, after it 
had been used to record the spectra of several samples of 
gaseous thiophosphoryl chloride. The doublet at 251.4 cm + 
and 247.5 cm? in curve C increased in intensity when the 
windows were further exposed to thiophosphoryl chloride, 

and decreased in intensity on further evacuation of the 
cell, or when the windows were left in the air for several 
days. It is, therefore, necessary to assign this absorption 
to thiophosphoryl chloride adsorbed on polyethylene. It 

is well known that small molecules are adsorbed by 
polyethylene (135, 136). 

Curve B of Fig. 6.3 is thus the superposition of 
absorption by gaseous and adsorbed thiophosphoryl chloride. 
Thiophosphoryl chloride adsorbed on polyethylene does not 
undergo quantised rotation, so curve C of Fig. 6.3 does not 


show the rotational-vibrational band contours of curves 
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A and B. The appearance of a doublet in curve C therefore 


indicates that two vibrations do absorb near 250 tiie 


Curves D of Fig. 6.3 show the corresponding Raman band 
of liquid thiophosphoryl chloride. The band is depolarised 


and asymmetric, with a peak frequency of 247 cm? cag h cmt, 


and a high frequency shoulder at about 251 em™~, teas 
tempting to attribute these features to the two vibrations 
identified in the far-infrared spectra. However, pronounced 
high frequency shoulders were also found on the Raman bands 
due to Vv, (Ay) and Vv, (E) of liquid thiophosphoryl chloride, 
as shown in Fig. 6.4. 

These results will be discussed, together with those 
obtained from the normal coordinate analysis, in Section 6.5. 
Gece F-Cl Symmetric Stretching Vibration 

The P-Cl symmetric stretching region was investigated 
in the infrared spectrum of the gas and the Raman spectrum 
ofthe Jiguid. 

Curve A of Fig. 6.5 shows the absorbance due to this 
mode in the infrared spectrum of the gas. Two sharp Q 
branches can be seen at 436.5 ones and 433.6 Cmrne together 

1 


with an R branch at 440.6 cm. Curves B of Fig. 6.5 show 


the corresponding region in the Raman spectrum of the 


L ue 


liquid. Three bands can be seen at 433.3 cm, 431 cm 


and 428 cm-. 


The two Q branches and the three Raman bands are 


most logically assigned to the different isotopic species 
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Fig. 6.4. Raman spectra of liquid thiophosphoryl chloride 


between 720 and 780 om) (upper box) and between 510 and 


1 


570 cm7t (Tower box) at 25°C and 1 cm ~~ resolution using 


no analyser. 
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present. The consistency of this assignment, with the 
results of the normal coordinate analysis, will be 
discussed in Section 6.5. 

6.3.4 Other Fundamental Vibrations 

The remaining fundamentals are the P=S stretching 
mode, V,(A))- the antisymmetric P-Cl stretching mode, 
v,(E), and the S=P-Cl deformation mode, Ve (E)- 

The absorption by the P=S stretching mode of gaseous 
thiophosphoryl chloride is shown in Fig. 6.6. This band 
shows the well defined PQR structure which is expected 
(Section 6.3.1). The frequencies of the P, Q and R 


1 


branches are 762.8 cm, 769.6 cm + and 775.5 cm - respect- 


ively. As well as the main Q branch at 769.6 cm’, a 
second weak Q branch appears at 763.1 om, 

The absorption by the antisymmetric P-Cl stretching 
mode of gaseous thiophosphoryl chloride, shown an Pigwo.6, 


-1 
is split into a doublet with peak frequencies of 550.5 cm 


and 547.7 om >. The band contour of this mode is largely 
determined by Coriolis coupling effects. 

The last fundamental to be considered is the S=P-Cl 
deformation mode, Vg (E) - The band due to this vibration 
was not seen in the infrared spectrum of the gas, which 
indicates that its dipole moment derivative is very small. 
However, the change in polarisability during this vibration 


is large enough to produce the symmetric, depolarised band 


-l 
shown in Fig. 6.6 at 171.5 cm ~. The results for v, (A)) 
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Fig. 6.6. Infrared spectra at l cmt resolution between 750 
and, J 90 cm? (left upper box) and at 2 cm + resolution 

between 530 and 570 cm) (right upper box) of gaseous thio- 
phosphoryl chloride at 25°C, cesium iodide windows. Raman 
spectrum of liquid thiophosphoryl chloride between 150 and 
180 ono eteob- G. and 1 a resolution (lower box) using no 


analyser. 
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and V4 (E) will be discussed in Section 6.5.2, whereas 


those for V¢ (E) are included for completeness. 


6.3.5 Impurities 

The purity of commercial thiophosphoryl chloride has 
already been discussed in Section 6.2.1. In this section, 
the effect of impurities which result from the reaction of 
thiophosphoryl chloride with cesium iodide windows will be 
discussed. 

Thiophosphoryl chloride reacts with the cesium iodide 
windows, turning them yellow, then brown, then deep red- 
brown. In order to identify the reaction products and 
determine the effect these would have on the spectrum, 
the gaseous products from a reaction between powdered 
cesium iodide and thiophosphoryl chloride were analysed by 


oP n.m.r. spectroscopy and infrared spectroscopy. In the 


af n.m.r. spectrum, a resonance at -217 p-.p.m., relative 
to phosphoric acid, was observed, in addition to the 
resonance at -26 p.p.m., relative to phosphoric acid, due 
to (126) thiophosphoryl chloride. The low field chemical 
shift can be compared to the chemical shift of —219 7D. p<Misg 
relative to phosphoric acid, of the phosphorus atom in 
phosphorus trichloride. The infrared spectrum of the 
gaseous reaction products showed, in addition to the 


-1 
thiophosphoryl chloride peaks, a new strong band at 508 cm 


att 
and a sharpening of the absorption at 260° cm >.) The 


frequencies of these peaks agree well with those reported 
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by Frankiss and Miller (137) for the two strongest bands 
in the infrared spectrum of phosphorus trichloride. 

The presence of phosphorus trichloride can be ration- 
alised by the following reaction, 


n SPCl. tom CsI: ——n) PC1.@4+4Cse8 Laemet 
3 3 mn > 


2 
where m= 2 andn=1, 2, 3 or 6; orm=1landn=4. 

The colours of the cesium sulphides are white, yellow, 
red and brown, which explains the colour of the windows 
after the reaction with thiophosphoryl chloride. Also a 
violet colour formed immediately on mixing the powdered 
cesium iodide with thiophosphoryl chloride, which is 
consistent with the presence of iodine. | 

The only bands in the infrared spectrum of thiophos- 
phoryl chloride which could be affected by the presence of 
phosphorus trichloride are the Cl-P-Cl deformations. The 
three spectra which were averaged to give curve A of Fig. 6.3 
were run over a period of six hours, and the only change 
noticed was a slight decrease in the intensity of the 
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: -1 
251.4 cm ~ peak relative to that of the 247.7 cm peak. 
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6.4 Normal Coordinate Analysis 
6.4.1 General 


A normal coordinate analysis of thiophosphoryl chloride 
was necessary primarily to differentiate between bands 
due to the same vibration in different isotopic species, 
and bands due to different vibrations of the same isotopic 
species. 

Previous normal coordinate calculations on thiophos- 
phoryl chloride have already been discussed in Section 
6.1.3, where it was concluded that only one study (123) 
was free from obvious mistakes or invalid assumptions 
concerning the molecular geometry. However, this note (123) 
gave no details of the development of the force field, which 
contained more force constants than the number of experi- 
mental data available. Further the note (123) offered no 
information concerning the average error (hereafter called 
the fit) between observed and calculated frequencies, 
and did not show the distribution of the potential energy 
of each vibration between the various force constants, 
which is one of the standard criteria for assigning 
frequencies to specific modes of motion. 

It was, therefore, necessary to develop a modified 

valence force field for thiophosphoryl chloride. 
6.4.2 Theory of Normal Vibrations 

The theory of normal vibrations is well known (105) and 
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describe the computer programmes used. 

The vibrational potential energy, V, of a molecule is 
assumed to be adequately described by the harmonic 
approximation, 

AP esis BA 
where F is the matrix of the force constants, Fig’ which 
are diagonal force constants when i = j and interaction 
force constants when i # j; R is the column vector of the 
internal displacement coordinates, Ris (changes in the bond 
lengths and inter-bond angles) and R* is the transpose of 
R. The vibrational kinetic energy, T, in the harmonic 
approximation, is given by, 

1: 


fen te 


~~ 


iy Re ks 


where ca is the kinetic energy matrix and R is the 
derivative of R with respect to time. Under these assumpt- 
ions, the roots, hie of the vibrational secular equation, 
are proportional to the square of the frequencies of the 
normal vibrations. The vibrational secular equation is 
given by, 


Gare fe . = 0 


where G is the inverse of gt, E is the unit matrix, and A 
is the diagonal matrix of the roots 4,-. The substitution 
of the individual roots, ie into the secular equation 


gives, after normalisation with respect to the potential 
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energy, the eigenvectors, Live whose matrix L is defined by, 


R Sale, 


where Q is the column vector of the normal coordinates, QL: 
The harmonic potential and kinetic energy expressions in 


Eerms, Of the normal coordinates are, 


Wee BO, OL and ed POH 
k 


where Q, is the derivative of Q. with respect to time. 
The set of eigenvectors for a given normal coordinate pro- 
vide a description for that coordinate, in terms of the 
internal displacement coordinates. 

An alternative description of a normal vibration is 
provided by the contributions to the potential energy of 
that normal vibration by the various force constants, See 


These contributions, for the kth normal vibration, are 


given by, 


et at = ; j cand 6... >=) 1 tor ea. 
where cae OmOrw las 8] i5 j 
6.4.3 Computer Programmes 
Four computer programmes written by J. H. Schachtschneider 
(138) were used to set up and solve the vibrational secular 


equation. The programmes were written in FORTRAN TV eon 


modified, in this laboratory, for use on an I. BoM. 360767 
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computer. 


The programme CART calculates the Cartesian coordinates 
of each atom in the molecule with respect to pre-selected 
axes” from the bond lengths and inter-bond angles supplied 
to it. The moments of inertia, presented in Table 6.4, 
were also calculated by CART, using supplied atomic 
weights. 

The programme GMAT uses the Cartesian coordinates and 
masses of the atoms to calculate Wilson's (105) inverse 
kinetic energy matrix G. The relationship between the 
internal coordinate matrix, R, and the Cartesian coerdiaaic 
matrix, X, is 


Roane xs 


where B is the transformation matrix. The inverse kinetic 


energy matrix, G, is related to B by (105) 


where Bt is the transpose of B and Mn is the diagonal 
Matrix of the reciprocal masses. 

The final step is the solution of the vibrational 
secular equation using the programme VSEC or FPERT. These 
programmes take the force constant matrix, F, and the 
inverse kinetic energy matrix, G, and find the eigenvalues, 


A and the eigenvectors, Liye of the product matrix, 


k’ 
G.F. This is mathematically equivalent to solving the 


secular equation. FPERT then compares the calculated and 
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observed frequencies, modifies the F matrix and recalculates 
the frequencies, iterating this procedure until the best 
least-squares fit between observed and calculated frequencies 
is obtained. Both programmes, VSEC and FPERT, can also 
calculate the potential energy distributions for the normal 
coordinates and VSEC can give the Coriolis coupling 
constants between the normal coordinates. 

Symmetry may be used in both programmes to factorise 
the F and G matrices, thus reducing the size of the secular 
equations to be solved. When this is done, linear comb- 
inations of the internal displacement coordinates, R;, are 
constructed (105), which transform under the irreducible 
representations of the point group of the molecule. These 
linear combinations are the symmetry coordinates, Sis and 
are defined by, 


S=U R, 


where U is the transformation matrix. Similarly the F and 


G matrices are transformed to their symmetrised equivalents 


by, 
=UFU* and G._=uUG Ue 


A it aa 
S, ay S., G G L and F then replace R, R’, R,, G, G 


and F in the equations given earlier in this section, except 


in those describing the construction of G. 


6.4.4 Vibrational Coordinates and Force Field Development 


The internal coordinates for thiophosphoryl chloride 
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are defined in Table 6.5 in terms of bond stretching and 
inter-bond angle bending displacements. Tables 6.6 and 


6.7 define the symmetry coordinates for molecules of C3. 


and Cy symmetry, respectively. For the molecules of Ce 


Symmetry, the unique isotopic atom is taken to be Cl, 


of Fig. 6.1. It is necessary to use ten internal co- 
ordinates to describe the nine normal modes of vibration. 
Thus one redundant coordinate is included, which will 
result in one root of the secular equation being equal to 


zero. 


The G matrices for eee {ely 7S SP aacly geen 


meceeecl Cl, agSba Cl, SSp>> Cl) and 2SP ele cal 


with respect to the internal coordinates defined in Table 


6.5, are given in Appendix I. 
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The experimental data used in the initial calculations 


consisted of the frequency of Ve (E) in the Raman spectrum 
of the liquid, and the frequencies of the remaining bands, 
- attributed to peop oacie (Section 6.3), in the infrared 
spectra of the gas. It was assumed that the peaks at 


251.4 and 247.7 cm? were due to v,(A,) and v,(E), 


respectively. Other possibilites were considered later. 


The six available frequencies are insufficient to determine 


the sixteen force constants of the general valence force 
field of thiophosphoryl chloride, and so it was necessary 
to develop a modified valence force field containing, at 


most, six force constants. The philosophy followed in 
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Table 6.5 


Internal Coordinates of 


Thiophosphoryl Chloride 


- Number Designation Description : 
1 Ry v(P,-C13) 
2 Ro v(P,-C1,) 
3 R, v(P)-Cl.) 
4 R, v(P)-S5) 

5 ay 6(C1,-P,-C1,) 
6 to §(C1,-P,-Cl,) 
7 a §(C1,-P,-C13) 
8 By §(S.-P,-C1l3) 
9 Bo §(S,-P,-Cl,) 
10 B, §(S.-P,-Cle) 


a) 


y and 6 indicate bond stretching and valence angle 
bending displacements respectively. The atom-numbers 


are defined in Fig.6.1. 
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Table 6.6 


Symmetry Coordinates for 


Braecia and 2 SSPE 7 CIR Point Group C 


Description Symmetry 
R, +R, + R, 
wi 


ay + do + 4, - By - By - BS \ 


Oy + Oe + a3 + By + Bo + B4 \ 
2R, - Ry ~ RB; \ 

oy ites 7 i , 

2B, ~ B. = B3 

Soya ; 

GO, — Oy ; 

pla eee S 


3v° 
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Table 6.7 


Symmetry Coordinates for 


peSreeCinoCl, a rcreectacl. and *GSRa3Cl 4cl Point Group C. 


Number Description Symmetry 

S 5 {RR +R} At 
1 ¥2 2 1 3 

So Ro A‘ 
S. Ry, A' 
S, 5 { A, + } A‘ 
Ss 23 a 
56 rai { Pie ae = 
S. B, A’ 
Se ean Ryo rR, ; At 
S, 5 { a, - 45 } Ag 
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selecting the force constants to be included was the 
following one. The diagonal force constants must always 
be included, since they are expected to make the dominant 
contribution to the force field. The most significant off- 
diagonal, or interaction, force constants must then be 
determined. Those selected should give an optimal improve- 
ment of the fit, while remaining small in value and 
contributing only minimally to the potential energy 
distribution. 

The force fields which developed at various stages 
of the calculations, are numbered consecutively and 
listed in Table 6.8. The frequencies calculated from these 


322255 


force fields for SP-"-Cl. are: listed) in Table 6.9 .co— 


3 
gether with the observed frequencies. 

The ectneal values for the diagonal force constants, 
force field 1, were obtained by simple, manual calculat- 
ions which involved solving secular equations for the 
appropriate, isolated part of the molecule. The programme 
VSEC used these force constants to calculate the frequencies 
shown under force field 1 in Table 6.8. There was an 
average error between observed and calculated frequencies 
of 43 aman t of 16%. A reduction in this error required that 
the P-Cl eee nings C1-P-Cl deformation and the S=P-Cl 
deformation force constants be raised, and that the P=S 


stretching force constant be lowered. These adjustments 


resulted in force field 2 of Tables 6.8 and 6.9, which 
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Table 6.8 


Force Field Development 


for Thiophosphoryl Chloride® 


Force” Force Fields 
Constant 3 4 Final 
£ (P-Cl1) 22216 2.576 2.5176 2.576 22) OSL LeU 
£ (P=S) 5-163 4.000 3.950 3.950 3 meee «Oe 
_ £(C1=-P-Cl1) 0.919 1.459 1.500 L750 BAGS Boys pel ea 
£ (S=P-Cl1) 03350 0.600 0.600 0.600 055705, 05570 
P-Cl, | 
ESS) ——= —— 0.350 0.450 0.5857) 0.550 
P=S, ee. cacti 
Elsen) Se poe ne 0.120 
C1-P-Cl’, pee ae -——* -=0.100.*-0.12990-905 


a) The units are: mdyne re for bond stretching force const- 
ants, and mdyne for angle deformation force constants. 

b) All force constants that are equivalent under C,_, symmetry 
were given the same value under C. symmetry. 
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gave a fit of 24 cm™! or 68. 


It was then necessary to add an interaction constant, 
£(PCl, PCl'), between the P-Cl stretching displacements, 
since the frequency calculated for the symmetric P-Cl 
stretching vibration was about 50 om too low and the 
value for the antisymmetric P-Cl stretching vibration was 
about 30 ens too high. This interaction constant, 
£(PCl, PCl') was set equal to 0.25 mdyne mans and this 
improved the fit to 14 om? or 4%. Further improvements 
were made by increasing f(PCl, PCl') to 0.35 mdyne ra 
and introducing an interaction constant between the P=S 
and P=cL stretching displacements, f(PS, PCl), of 
0.12 mdyne Bee which gave a fit of 10 cm + or Ste wrhis 
is force field 3 of Tables 6.8 and 6.9. 

The next stage of the refinement concentrated on the 
deformation vibrations. Under force field 3, the calculated 
frequency for the antisymmetric C1-P-Cl deformation 
vibration was about 20 om * too low, and the value for the 
S=P-Cl deformation vibration was slightly high (Table 6.9). 
Therefore interaction constants between the S=P-Cl and the 
Cl-P-Cl deformation displacements were each separately added 
to the force field. However, these interaction constants 
did not improve the fit, so they were set equal to zero and 
an interaction constant between the C1-P-Cl deformation 
displacements, f(C1PCl', Cl'PpCcl") was added. A value of 


-0.100 mdyne A lowered the symmetric Cl-P-Cl deformation 
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vibration and raised the antisymmetric Cl-P-Cl deformation 
vibration to about the same frequency. Since this was 
-l 
about 20 cm below the observed frequencies, the diagonal 
C1-P-Cl deformation force constant, f£(C1PCl), was raised 
ie) 
to 1.75 mdyne A, and the Cl-P-Cl deformation vibrations 


=) At this point, the 


were then fitted to within 3 cm. 
frequencies for the symmetric and antisymmetric P-Cl 
stretching vibrations were slightly low and slightly high, 
at 430 and 551 cmt, respectively, so f(PCl, PCl') was 
raised slightly to 0.45 mdyne AD givirigva fit’ of t4a5 cm™+ 
or 1.3%. This is force field 4 of Tables 6.8 and 6.9. 

The programme VSEC had been used for the calculations 
up to this point. The manual control of force field 
modification is useful in the initial stages of a calculation, 
however, once a reasonable force field has been developed, 
the programme FPERT should quickly refine this to an optimum 
solution. Therefore force field 4 was used as input to a 
calculation using FPERT. This force field used seven force 
constants to calculate six frequencies for gener ole thus 
introducing an interdependence among the force constants. 
This was tolerated in the hope that FPERT would refine one 
of the interaction constants to the point where it could be 
set equal to zero. Further, essentially all of the force 
fields had calculated the separation between the symmetric 
P=Cl stretching frequencies of 3? suey and Septic, Mer 


to be 2.3 to 2.5 om! . This was taken as confirmation that 
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the second Q branch at 433.6 cmt in the spectrum of the 
gas (Fig. 6.5) is due to aISRenClacr Clb This frequency 
was therefore added to the six frequencies of 7 “spa Cle 
as input data to FPERT. 


The first FPERT calculation produced a fit of 0.7 cm? 


or 0.23% after two adjustments of the force constants. The 
only significant change in the force field was a 503 
reduction of £(PS, PCl) to a value of 0.062 mdyne al, 
which suggested that it could be set equal to zero, leaving 
fGPcl,£ Pcl’) and £(C1PCL":,.Cl'PCl")sasi the only interaction 
constants. Before doing so, a second FPERT calculation 
was performed in which f(PCl, PCl') was set equal to zero, 
leaving only the interaction constants f£(PS, PCl) and 
£(C1PC1', Cl1'PCl"). Although a fit of 0.8 cm? was 
achieved, £(PS, PCl) was refined to a value of 1.075 mdyne 
AG, and contributed more than 55% to the potential energy 
of one normal vibration. Such a large contribution from 
an interaction constant is not consistent with our physical 
model of the forces which exist between atoms in a molecule. 
Therefore, it was decided to set f£(PS, PCl) equal to zero 
in the force field obtained from the first FPERT calculation. 
Two subsequent calculations were performed using this 
force field. First v3 (Ay) and Ve (E) were both assigned at 
251.4 cm}, to calculate the isotopic splitting for this 


possible assignment. Four force constant adjustments were 


-1 % 
needed to obtain a fit of 0.1L cm or 0.02%. . The 
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resulting force field is force field 5 of Tables 6.8 and 
6.9. The frequencies calculated for the six isotopic forms 
of thiophosphoryl chloride, from force field 5, are given 
in Table 6.10. Second, V3 (A,) and Ve (E) were placed at 
g5ledeand 247.7 cm |, respectively. Aitit of OF10temmenOE 
0.02% was obtained after four force constant jee eee 
This gave the final force field of Tables 6.8 and 6.9. 
The calculated frequencies for the six isotopic forms of 
thiophosphoryl chloride for this force field are given in 
Table 6.11. The justification for calling this the final 
force field will be discussed in Section 6.5. The eigen- 
vectors from this force field are listed in Appendix II. 
The potential energy distributions for the normal 
vibrations can be described with respect to both the 
force constants for the internal coordinates and those for 
the symmetry coordinates, that is, with respect to the 
elements of F and those of Fo: Conventionally, vibrations 
are qualitatively described by the symmetry coordinates 
which most closely approximate the normal coordinates. For 
this reason, the potential energy distributions will be 
given in terms of the symmetrised force constants. Tables 


6.12 and 6.13 give the potential energy distributions for 


 Mihen eS 5 ce A 5 
the two most abundant molecules, 5 SP Cl. and sp’"cl,” Cl, 
6 4 OS 4 | 3435 
while those for a2 spoeclatcLs: 3 SP Cl, SP cl. and 
34573? ¢1 370] are listed in Appendix III. These potential 


Z 
energy distributions show that the normal coordinate 
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Table 6.12 


Potential Energy Distribution® between the 
Diagonal Elements of the Symmetrised Force 


Constant Matrix? £OY 32 5p35 1 


3 


(i) A) Vibrations 


‘Contribution from force constant 


c 

Mode Frequency £(S,) £(S.) £(S3) £(S,) 
Vy 769.6 36.07 50.64 ris Bh 0.14 
Vo 436.2 58.56 41.43 0.00 0.00 
V3 251.4 5337. 1.92 U/S67 0.94 


(ii) E Vibrations 


‘Contribution from force constant 


Mode Frequency® £(S,) £(S¢) £(S.) 
V4 548.8 79.11 14.10 6.79 
oe 247.7 15.48 84.49 0.03 
ve 171.0 5.42 team 93.18 


a) As percentages. 


b) F_= uFu* where U is defined by the symmetry coordinates 
Ss = 


~ ~ nn 


in Table 6.6. 


c) Calculated frequency in on from final force field. 
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fable 6.13 


Potential Energy Distribution® between the 
Diagonal Elements of the Symmetrised Force 
Constant Matrix? for GSE CIS er 
(i) A* Vibrations 
Contribution from force constant 


Mode Frequency ~ £(S,) £(S,) £(S,) £(S,) £(S~) £(S¢) £(S) 
768.8 20.73 8.04 50.98 7.66 4.14 1.65 0.84 


1 
Vo 546.1 41.33 65.08 0.03 4.45 8.93 Zeal 4.58 
V3 433.8 32.12 14.89 41.22 0.01 0.01 0.00 0.01 
V4 250.4 6.41 0.00 7.08 26.49 51.75 = eg 4.84 
Vs 245.4 4.38 14.99 0.69 48.39 28.05 1.24 0.36 
Ve 169.5 2.79 4.77 0.00 0.47 0.8L. 30.76) 62.25 


(ii) A® Vibrations 


Contribution from force constant 


Mode Frequency ig £ (Sp) £ (So) £(Sj9) 
Vo 548 .6 79.25 Ne PAL be 6.80 
Ve 245.1 15.42 84.52 0.06 
Vg 170.9 S230 1.53 93.14 


a) As percentages. 


b) F =uFu* where U is defined by the symmetry coordinates in 
aS ~~~ pe 


Table 6.7. 


c) Calculated frequency in ave from final force field. 
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calculation reproduces the experimental assignment well, 
although some mixing of symmetry coordinates does occur 


in the normal coordinates. For example, for s2 pre ol 


3 
(Table 6.12), the P=S stretching vibration, Vv, (Ay). and 
the symmetric P-Cl stretching vibration, Vo(Aj), are both 
heavily dependent on the force constants for the P=S 

and symmetric P=-Cl stretching displacements, with Vv, (Aj) 
being more dependent on the P=S stretching displacement 


and Vo (Ay) being more dependent on the P-Cl stretching 


displacement. Thus, V4 (A) is predominantly the P=S 


stretching vibration, and Vo (A,) is predominantly the P-Cl 


stretching vibration, as they were assigned by Gerding and 


Westrik (109). For the other vibrations, the potential 
energy distributions indicate that at least 75% of their 
potential energy is derived from the symmetry coordinate 


used in the empirical assignment. 
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6.5 Discussion 
6.5.1 C1-P-Cl Deformation Vibrations 

The experimental results of Section 6.3 clearly 
demonstrated that at least two vibrations of thiophosphoryl 
chloride absorb near 250 cmt, These two vibrations could 
be the symmetric and antisymmetric Cl-P-Cl deformation 
vibrations, or they could be just one of these vibrations 
in two isotopic molecules. The results are interpreted 
below to indicate rather clearly that the symmetric and 
antisymmetric Cl-P-Cl deformation vibrations both absorb 
near 250 cm +. The individual steps in the interpretation 
are not definitive, most of the facts being capable of 


alternative interpretation, but taken together they 


indicate that this interpretation is by far the most 


probable. 
The natural abundances of 27 SP ECL 37 $2spa Cl, ane! and 
SPL AE he ee | 


SPanc. Cl, are in the approximate ratio 3:3:1. Thus 


the symmetric C1-P-Cl deformation vibrations, V3 (A) of 

Reser -cl:, and v,(A") of SAcpe cine ee can be expected to 
yield bands of approximately the same integrated intensities, 
since the presence of the Mires atom is not expected to 
change the dipole moment derivative with respect to the 
normal coordinate greatly. Further, both of these bands 
should be about three times as intense as the band from 


VA") of SE oelan CLs: A similar result holds for the 


antisymmetric C1-P-Cl deformation vibrations. The degenerate 
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pair of vibrations Ve (E) of “tSE ecm should yield about 


the same integrated intensity as the combined bands due to 
Ve (A‘) and Vg (A") of SeSP? cla seie and should be about 
three times more intense than the combined bands due to 
Vg (A') and Vg (A") of "4 Spee eee Thus to interpret the 
doublet seen in the spectrum of thiophosphoryl chloride 
adsorbed on polyethylene (Fig. 6.3, curve C), only the 
vibrations of sP*"cl, and siuuienlyy Ve need be considered. 
The frequencies calculated for these molecules, under 
two assumptions concerning the relative frequencies of 
V3 (A,) and V_ (E) of BEygcl are shown in Tables 6.10 and 
6.11. Further evidence is provided in Table 6.14 which 
shows the frequencies calculated from a diagonal force 
field, force field 2 of Tables 6.8 and 6.9, and those 
calculated from force field 6, which placed V3 (Ay) at 
247.7 ae and Vg (E) at 251.4 aS. the reverse of the 
assignment used for the final force field of Section 6.4. 
In no case did the frequency difference between V3 (Ay) of 
PeSpHe Cl’, and v4 (A") of 32 cp eit! exceed 2.1 cna 
so it is extremely improbable that the observed doublet 
(Fig. 6.3, curve C) split by 3.7 cm is due to these two 
vibrations. The accuracy of the observed 3.7 ome 
separation is 10.2 cmt, and the fact that so many varied 
force fields all gave a splitting of about 50% or less of 


the observed value is good, but not absolutely definitive, 


evidence for this conclusion. With slightly less confidence, 
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Calculated Frequencies® for 
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32 


Ve (E) 


V¢ (E) 


a) In anos 


2op39 


sp??c 


750.7 
386.3 


241.4 


505. 


22263 


175120 


cr 


Table 6.14 


37 


32.6356, 


2 Gl using’ Force fields oP 


Force Field 2 


te 


b) Of Table 6.8. 


a2 cpr Gla Gt 
750.3 
384.2 
239.9 


574.8 


578.0 


220.8 


220.1 


173.5 


174.9 


32 


a 


and 


and 6 


Force Field 6 


ES 


35 
SP Cl3 


769.6 
436.2 


247.7 


548.8 


251.4 


171.0 


52 


oie) 

SP Cl, 
768.8 
433.8 
Z250—L 


546.1 


548.6 
245.6 


248.8 


169.5 


170.9 


37 


CL 
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the same arguments indicate that the doublet is not due to 


the antisymmetric Cl-P-Cl deformation vibration, Ve (E), 


cw he esi 
of SP Cl, and the unresolved pair, Vp (A') and Vg lA"), 


of we cpaecls > Cl: The largest separation calculated for 
this case was 2.8 cmt, obtained using the assumption that 
V3(A,) and Ve (E) are accidently degenerate at 251.4 cmt. 
This is still nearly 30% below the observed separation, 
making it improbable that the antisymmetric stretching 
mode alone can be responsible for the doublet. Thus it is 
concluded that the symmetric and the antisymmetric C1=-P-Cl 
deformation modes most probably both contribute to the 
doublet seen for thiophosphoryl chloride adsorbed on 
polyethylene. | 

In the infrared spectrum of the gas, the Q branch at 
251.4 om and the peak of the R branch at 258.3 cm + are 
separated by 6.9 enna. If it is assumed that the upper 
and lower state rotational constants for V3 (Ay) are the same, 
then the value calculated (139), from the moments of 
inertia given in Table 6.4, for the separation is 6.2 cm+. 
This value is in reasonably good agreement with the 
observed Q to R separation of 5.9 om * for V,(A,)» and an 


= 322 255 
average value of 5.7 cm : for Vo (Ay) of SP cl, and 


adepa el? scl Thus it is most probable that the 


a 


V3 (A") of 
are due to the 


: ; 32235 
symmetric C1-P-Cl deformation vibration, v3 (Ay) of SP Cl,- 


Q and R branches at 251.4 and 258.3 cm 
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32 
Further, v,(A') of spol. Gi is expected to yield a 


PQR band contour, and all of the calculations from force 


fields containing six force constants indicate that it 


: age -1 
lies within 1.2 cm of V3 (A,) hig Mager bagetl which would 


make its Q branch merge with that of V3 (A))- The Q-R 


separation expected for V4 (A') of ete en Bear 


=] , pay: . 
6.5 cm, so that its R branch also coincides with that of 


Cl is about 
ea Thus, this most probable assignment is completely 
consistent with the spectra. 

The second Q branch at 247.7 cms in the infrared 
spectrum of the gas (Fig. 6.3, curve A) must also be 
explained. It can be assigned to Vz (A") and Vg (A") of 
Spaces. 
field places these two vibrations within 0.3 cm + of each 


other, about 2.5 om > to low frequency of Ve (E) of RSP Clas 


Cl by the following argument. The final force 


and each of them should yield a PQR structured absorption 
band. They will, therefore, give a single PQR band contour 
whose integrated intensity should be about equal to that 

of the band due to Vg (E) of Je Sec The Coriolis 
coupling constant for Ve (E) was calculated from the final 
force field to be -0.9, and this value was used in a computer 
programme written and described by Faniran and Shurvell 

(140) to calculate the contour of the band due to v, (E). 

The band was calculated to be broad, with a half-width of 
about 5a cm, and to show very weakly defined PQR structure 


cj JE 5s 
on the top. Thus, the band due to Vg (E) of SP Cl, 
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should have a much lower peak absorbance than the Q branch 


of the band due to v,(A') and v,(A") of sik i te tally 


since the same integrated intensity is spread out into a 
broad band with little structure in the former and is 
concentrated in well defined P, Q and R branches in the 
latter. Therefore the Q branch at 247.7 cm > in the 
absorption spectrum of gaseous thiophosphoryl chloride is 
logically assigned to Ve (A') combined with Vg (A") of 


e235 37 32539 


SP Cl. Ci, vand Vg (E) of SP~"~Cl., is sufficiently broad 


3 
and less intense that it does not contribute to the 
profile of the band. The calculations indicate that Ve (E) 


of sP>°cl must be at about 250 oa if Vg (A*) and Vg (A") 


3 
of ee acls Cl age cer 1 Wie re: Uae! 
This assignment of the infrared spectrum of the gas 
is, unfortunately, not definitive, because the Q and R 
branches at 251.4 and 258.3 om + could arise from Ve (A') 


and Vg (A") of Sis) ato ge with the lower frequency Q 


branch arising from V3 (A) of saa i i This alternative 
assignment is considered less likely because a strong R 
branch is not expected (81) from the bands due to Vp (A') 
and Vg (A") in a first approximation. Although this argu- 
ment by itself is not strong, it does combine with the 
evidence to be presented from the Raman spectra to make 
the first assignment presented above by far the most 
probable. 


The Raman spectrum of the liquid shows a depolarised 
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-1 
band at 247 cm ~. In general, this could arise from a 
totally symmetric or a non-totally symmetric mode, but 


for a molecule that has symmetry as high as C it®is 


Sv 
more likely to arise from a non-totally symmetric mode, 


in this case Ve (E) of 32553501 - The band must also 


3 
contain the scattering by Ve (A") and Vg (A") of oiSemaclng ck 
since it was not observed separately. This interpretation 
implies that the scattering by the totally symmetric 
‘vibration, Ve(A'), is insufficiently polarised to cause 
the observed band to be partly polarised. It is more 
likely that a totally symmetric vibration of a molecule of 
Ce symmetry would yield a weakly polarised band than an A, 
ernest ion of a molecule of Cay symmetry. This interpretation 
also implies that the symmetric deformation vibrations, 
ecSherGhs and v4 A") of chek} easton a (or are too 


weak to be seen in the Raman effect. 


V3 (Aj) of 


The Raman spectrum of gaseous thiophosphoryl chloride 
at 185°C has been reported by Clark and Rippon (115), and 
Dr. M. V. Falk, of this laboratory, has obtained the Raman 
spectrum of the gas at 25°C. Falk observed bands with 
contours very similar to those reported at 246.0 and 167.3 
cm? by Clark and. Rippon. The contours of these two 
bands are very similar, both consisting of a Q branch flanked 
by strong side branches, and both bands are depolarised. The 


main difference between the two bands is the separation 


-1 
of the P and R peaks, which is about 12 cm ~ for the band 


osfe 2am hiced eat. 
io ro@ Cae Se UN oe Gam (We pen 
wasnt Bene vingstecer I 

ya yiiedoa on pal 

t febkustoq yitne tated why we 

at 9%  hexlusieg “iteng ied od od | ' 

e oi eadiy secon itesed aa 

iralog ylAeaw & f Bisiy bivow bi 

isteagsedin 4 | at oMnys et Se alupatan 30 nel 
div poltesrote® ola ons dadt as on 
| oe 2" ~ So ("Al Bee —to aa 
setts coma ed mh deen 

; auosase i> mpage: naa 

as #eaLD yd tos 19Get gded aark 3M 

, vaortsiedal aa2 3o ale% 


volo ott. KOggAs sete 
facop Aged. caf taite oe 
ipidgem os aband. died sem Relea ae pe 


-.d wd std oported spaeseht 
: . - - 
My i « 


203 ‘oe fd ivede gd Mobtie. aaa ; 
: b + 


a, 


ee 


295 


1 


ae = 
afy24620.cm ac tand about .17.-cms Hor athe bandieattle?Aseene 
Clark and Rippon noted that the P-R separations are usually 


highly variable for E modes of the same molecule. The band 


-1 
at 167.3 cm must be assigned to V¢ (E) of ¥ spideny; and 


ve 2 -_ 
V6 (A) and vg(A") of = SP 7 Acuglicis so the band at 246.0 cm : 


is most logically assigned to V5 (E) of * asp oltey and 


v5(A') and vg(a") of **sp?°c1,37c1. At 25°C, the Q branch 
of the latter band was found at 247.1 +0.4 cm, in agree- 


Ban tawith, the. 24457 20.8 sme 


in the infrared spectrum. 
Thus the Raman spectra of both the gas phase and liquid 
phase are consistent with the assignment proposed previously 


from the infrared spectra. Thus V3 (Ay) on *Zepaecll and 


3 

Vy lA") of pases Clie cl are assigned at 251.4 cmt, and 
Vp (A*) and Vg (A") of ispes cise “aig are assigned at 247.7 
cm? in the infrared spectrum of the gas at 25°C. The 
remaining fundamental, Vg (E) of ac SPRUCE, is expected 
(Table 6.11) to be about 2.5 omit above the frequency for 
the unresolved pair Vg (A') and Vg lA"), so it should yield 
a broad band centered at approximately 250 cmnek 

In contrast to the above assignment, Clark and Rippon 


1 


(115) assigned the depolarised band at 246.0 cm ~ in the 


Raman spectrum of the gas to V3 (A,)- The basis for this 
assignment was their inability to reproduce the observed 
band contour under the assumption that the fundamental, 
with its associated rotational branches, was Vv, (E). They 


noted that the P-R, O-P and R-S observed separations are 


non 
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consistent with those expected for an A mode of thiophos— 
phoryl chloride at 185°C, They also noted that the fact that 
the 246.0 cm > band is depolarised is not definitive 
evidence for its assignment to a non-totally symmetric 
vibration, since totally symmetric bending modes of two 
other XYZ, symmetric top molecules that they studied (115) 
had depolarisation ratios very close to 0.75. However, the 
totally symmetric bending modes of the six remaining XYZ, 
symmetric top molecules studied by Clark and co-workers 
(115, 141) have depolarisation ratios considerably below 0.75. 
Clark and Rippon's failure to reproduce the observed 
Band contour at 246.0 oma, under the assumption that the 
band was due to Ve (E). is understandable since they 


CP ae 376 


neglected the bands due to the equally abundant SP Cl. uf 


species. The following evidence strongly suggests that 
bands due to 32 spapGiiCt do contribute to the observed 
band contours. Clark and Rippon (115) did not reproduce 

by calculation the observed band contour for Ve (E) of 
thiophosphoryl chloride, and they attributed this to an 
insufficiency of detail in the band contour for an accurate 
analysis. However, they did successfully calculate the 
nearly identical band contour of V6 (E) of phosphorus 
peytnst wuoride: where complications due to naturally 
abundant isotopic modifications are absent. This strongly 


suggests that the neglect of such isotopic modifications 


in the thiophosphoryl chloride case, was the reason for 
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failure. 


With this very plausible reason for the failure of the 
band contour calculation, the assignment of V3 (A) to the 
band at 246.0 om™* becomes very suspect for the following 
reasons. First, the depolarised band at 167.3 om + must be 


due to Vg (E) of Saspre cre, and V6 (A") and Vg (A") of 


ser C1, > cr’, and so the very similarly contoured, depol™ 
arised band at 246.0 cm is most logically assigned to 

Vg (E) of p SPP Gre and Ve, (A') and Vg (A") of bsp? Giee  Cik 
Second, Clark and Rippon (115) report the band contours for 

18 A) modes of six symmetric top molecules, and everyone, except 
the one assigned by them at 246.0 cm + for thiophosphoryl 
chloride, has a strong or very strong Q branch relative to 

its side branches even in cases where the depolarisation 


yatio is close to 0.75. This observation very strongly 


suggests that a non-totally symmetric mode is located at 


246.0 cm + 
In summary, the most logical assignment from the 
32,335 
evidence presented is that V3 (Ay) of SP~~Cl, and v, (A ) 


of eeaperciae cl fie within 2 ena of each other at 


2. a 324600 te / 
251. 4° cm 1 and that Vp (A') and Vg (A ios SP Cl. 6 


lie within 0.25 ant + of each other at 247.7 cm The 


i 


results of the normal coordinate calculation then place 


-1l 
V_ (E) of Base 2c: at about 250 cm. 


6.5.2 Other Fundamental Vibrations 


In Section 6.3.3, the structure seen on the absorption 
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band of gaseous thiophosphoryl chloride (Fig. 6.5, curve A), 
and on the Raman band of liquid thiophosphoryl chloride 
(Fig. 6.5, curve B), due to the symmetric P-Cl stretching 
mode, waS assigned to the different isotopic species 
present. The separation of the Q branches in the spectrum 
GLecnve gaso(Figi)6.5;, curvesA)l is 229 ones which can be 


compared to the value of 2.4 emit (Table 6.11), calculated 


for the separation of the bands due to 325539 ¢) and 


3 
32 5 ; 
sp? cise ci from the final force field of Table 6.8. The 


st il 


accuracy of the measured 2.9 cm difference is +0.2 cm 


so the calculations clearly support the assignment of the 


two Q branches to the symmetric P-Cl stretching vibrations 


of BASP? Cl Awd BaSE; CLs” 


in frequency of 2.4 anduces om + with each substitution of 


Cl. The calculated decreases 


a paca: atom (Table 6.11) can be compared to the observed 


af A 


decreases of 2.3 +0.5 cm ~ and 3 +0.5 cm ~ in the Raman 


spectrum of the liquid (Fig. 6.5, curve B). Further, the 
relative intensities of the bands at 433.3, 431 and 428 em 


in the Raman spectrum of the liquid are in approximate 
agreement with the ratio 3:3:l1 of the natural abundances of 
PERC; sp?°c1,”/cl and sp?>c13’cl,. Thus these bands can 
surely be assigned to the symmetric P-Cl stretching 
vibrations of Basra, Ch: a2 opgecine acl and *ésree Clgiel. 


respectively. 


Another feature which may reflect an isotopic 


1 


splitting is a weak Q branch at 763.1 cm in the spectrum 
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of gaseous thiophosphoryl chloride (Fig. 606 )hac5 emt 


lower than the main Q branch. The calculations from the 
final force field (Table 6.11) indicate an isotopic 


splitting for Vv, (Ay). the P=S stretching vibration, of 


“3h 34 2 
Beecmae Kor SP°PC1 5 4.5 emitifor > ‘SPe Gise Cin 


2 
He S223 5 37 iF aR ee We 


0.8 cm for ~“sp C15 \Cluanaga-7 cm “for ¢lSPreelecel 


2” 
with respect to RaSP7RCLac It is therefore probable that 


the weak Q branch is due to a hot band, and not to isotopic 


splitting. The 0.8 cm + calculated difference between 


Vv, (A) of RESP? Clare 


unresolved superposition of the PQR band contours for 


Cl is consistent with the observed 


these two modes, since the observed Q branch has a half- 


width of about 2 oaiee 


The observed band contour for the antisymmetric P-Cl 


stretching mode, V,(E), is shown in Fig. 6.6. A poorly 


i 


resolved doublet split by 2.8 cma £0’. 2 cmt, is seen in 


the weakly absorbing sample and a definite indication of 


a doublet is seen in the strongly absorbing sample. The 


ae aees 1) * 
calculations predict that Vv, (E) of SP Cl, and Vz (A ) 


of gesea Gl Acucl will be within 0.2 cm7* of each other, 


with Vo (A") of S2spacely wc! 235 cms to low frequency of 


Va (A")- An approximate band contour calculation (140) 


2h 2 me one 
was performed for Vv, (E) of : SP Cl., using a Coriolis 


constant, which was calculated from the final force field, 


of 0.8, which is close to Cyvin's (123) value of 0.73. 


-1 
A broad band with a half-width of about 15 cm ~ and very 
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poorly resolved PQR structure resulted. The band contours 


expected (81) for Vo (A") and va (A") of *#spatcrs cl 


show a well defined PQR structure (81), and each should have 
an integrated intensity equal to one half of that of ve (E)- 


Thus the bands at 550.5 and 547.7 em > are most reasonably 


assigned to Vo (A") and Vo (A") of os? Tala aol respectively. 


The half-width observed for the band was about 15 cme 


in excellent agreement with the predicted value, and this 
x Pass obs) 


breadth must be mainly due to v,(E) of SP Cl, which, 


from the normal coordinate calculations, should be centered 
at about 551 cm. 

Table 6.15 gives the assignment of the fundamental 
vibrations in the infrared spectrum of gaseous thiophos- 
phoryl chloride and the Raman spectrum of liquid thiophos- 
phoryl chloride. The percentage contributions to the 
potential energy of the vibrations by the various symmet~- 
rised force constants, taken from Tables 6.12 and 6.13, 
have been quoted to the nearest 5%, and only those cont- 
ributions greater than 20% have been included. The mid- 
infrared frequencies are believed to be accurate to +0.5 


‘ -1 
ene and the far-infrared frequencies to +053: cm -. ¢Tne 


a 
=! 
Raman frequencies are believed to be accurate to tl cm’, 
=~l 
with the exception of the bands at 747 and 537 cm, 


where the broad, asymmetric contours of the bands makes it 


difficult to estimate the peak frequency. 
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Row 1 
0.0593 
ROW 2 
©0.0059 
Row 3 
-0.0059 
ROW 4&4 
-0.0149 
RoW 5 
0.0157 
ROW 6 
0.0070 
Row 7 
=-0.0157 
Row 8 
©-0.0155 
Bow 9 
0.0175 
Bow 10 
0.0175 


ROg 1 
0.0593 
ROW 2 
-0.0059 
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ROW 4&4 
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(v) 34sp35¢1 
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ROW q 

0.0609 -0.0059 -0.0059 -0.0149 
ROW 2 : 
20.0059 0.0609 -0.0059 -0.0149 
ROW 3 

=0.0059 -0.0059 0.0609 -0.0149 
BOW 4& 

=0.0189 -0.0149 -0.0149 0.0617 
ROW 5 

=0.0157 0.0157 0.0070 0.0177 
ROW 6 

0.0070 -0.0157 -0.0157 0.0177 
ROW 7 
-0.0157 0.0070 -0.0157 0.0177 
Bow 8 
=0.0155 0.0175 0.0175 -0.0142 
ROX 9 

0.0175 -0.0155 0.0175 -0.0142 
Row 10 ; 
0.0175 0.0175 -0.0155 -0.0142 
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Bow 1 

0.0609 -0.0059 -0.0059 -0.0149 
ROW 2 : 
©0.0059 0.0593 -0.0059 -0.0149 
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-0.0059 -0.0059 0.0609 ~-0.0149 
ROW 4 
-0.0149 -0.0149 -0.0149 0.0617 
ROW 5 
0.0157 -0.0157 0.0070 0.0177 
ROW 6 

0.0070 -0.0157 =O<DIST A.O1FF 
ROW 7 
©0.0157 0.0070 -0.0157 0.0177 
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0.0155 0.0175 0.0175 70.0142 
ROW 9 

0.0175 -0.0155 0.0175 -0.0142 
ROW 10 

0.0175 0.0175 -0.0155 -0.0142 


a) With respect to 


the internal coordinates defined in Table 6.5. 
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=0.0157 
0.0070 
0.0177 
0.0327 
0.0036 
0.0036 
-0.0056 
-0.0056 
~0.0209 


20.0157 
-0.0157 
0.0070 
0.0177 
0.0323 
0.0037 
0.0036 
-0.0056 
=0.0054 


~0.0209 


0.0070 
=OQ.0157 
-0.0157 

0.0177 

0.0036 
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0.0036 
-0.0209 
-0.0056 
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0.0070 
-0.0157 
=0.0157 

0.0177 

0.0037 

0.0323 

0.0036 
-0.0209 
-0.00548 
-0. 0056 


=0.0157 
0.0070 
-0.0157 
0.0177 
0.0036 
0.0036 
0.0327 
-0.0056 
-0.0209 
-0.0056 


-0.0157 
0.0070 


-0.0157_ 


0.0177 
0.0036 
0.0036 
0.0327 
-0.0056 
-0.0209 


-0.0056 


-0.0155 
0.0175 
0.0175 

-0.0142 

-0.0056 

-0.0209 

-0.9056 
0.0409 

-0.0076 


-0.0076 
( 


-0.0155 
0.0175 
0.0175 

-0.0142 

-0.0056 

-0.0209 

-0.0056 
0.0409 

-0.0076 

0.0076 


' 


0.0175 
-0.0155 
0.0175 
-0.0742 
-0.0056 
-0.0056 
-0.0209 
-0.0076 
0.0409 


-0.0076 


0.0175 
-0.0155 

0.0175 
-0.0142 
-0.0054 
-0.0054 
-0.0209 
-0.0076 

0.0405 


-0.0076 
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0.0175 

0.0175 
~0.0155 
-0.0142 
= 0.0209 
=0.0056 
-0.0056 
= 0.0076 
- 0.0076 


0.0409 


0.0175 

0.0175 
-0.0155 
-0.0142 
- 0.0209 
-0.0056 
-0.0056 
- 0.0076 
-0.0076 
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Eigenvectors®’ b LOG +i speeclee 
ee aD ae 7 39.39 
SP Scr Clo, SP Cl., 34.5350) 

(i) esogeri= 

PREQUENCY = 769.6 CH@-1 

0.1032 0.1032 0.1032 =0.2228 -0.0886 -0.0886 
FREQUENCY = 436.2 CMN-1 

0.0745 0.0745 0.0745 0.1182 0.0006 0.0006 
FREQUENCY = 251.4 CH-1 

0.0130 0.0130 0.0130 -0.0288 0.0739 0.0739 
FREQUENCY = 0.0 CH-1 

0.0 0.0 0.0% = 0.0 0.0 OoU 
PREQUENCY = 548.8 CM-1 

0.2062 -0.1031 -0.1031 0.0 -0.0866 0.0933 
PREQUENCY = 247.7 CH-1 
-0.0412 0.0206 0.0206 0.0 -0.0515 0.1030 
PREQUENCY = 171.0 CH-1 

0.0168 -0.0084 -0.0084 0.0 -0.0046 0.0092 
FREQUENCY = 548.8 CM-1 

6.0 0.1786 -0.1786 0.0 -0.0808 0.0 
FREQUENCY = 287.7 CH-1 

0.0 -0.0357 0.0357 0.0 -0.0892 0.0 
PREQUENCY = 171.0 CH-1 

0.0 0.0146 -0.0146 0.0 =0.0080 0.0 
fyeecsP cl,” Cl 
PREQUENCY = 768.8 CN<1 

0.1036 0.1003 0.1036 -0.2233 -0.0884 -0.0888 
PREQUENCY = 546.1 CN-1 
0.1039 0.2028 -0. 1039 -0.0041 -0.0478 -0.0478 
FREQUENCY = 433.8 Chri 

0.0728 0.0770 0.0728 0.1133 -0.0018 -0.0018 
PREQUENCY = 250.4 CM~1 

0.0188 -0.0004 0.0188 -0.0271 0.0535 0.0535 
FREQUENCY = 245.4 CM-1 

0.0152 -0.0437 0.0152 0.0083 -0.0709 -0.0709 
FREQUENCY = 169.5 CM~1 

0.0084 -0.0170 0.0084 -0.0002 0.0048 0.0048 
FREQUENCY = 9.0 CH-1 

0.0 0.0 0.0 0.0 0.0 0.0 
FREQUENCY = 548.6 CH-1 

BAgb? 0.0 (Nes 0 EEE =-0.0803 0.0803 
PREQUENCY = 245.1 CA-1 

0.0352 0.0 -0.0352 0.0 0.0883 -0.0883 
FREQUERCY = 170.9 CH-1 

0.0144 0.0 -0.01488 0.0 -0.0083 0.0083 
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ESRC iC 
FY ae SP erCey 
-0.0886 0.0711 
0.0006 =0.0005 
0.0739 -0.0593 
0.0 0.0 
0.0466 -0.1187 
=0.0515 -0.0037 
=0.0086 0.1370 
0.0808 0.0 
0.0892 0.0 
0.0080 0.0 
-0.0891 0.0709 
0.0930 06.0604 
0.0029 0.0020 
9.1027 -0.0561 
0.0781 0.0196 
-0.0087 0.0676 
0.0 0.0 
0.0 -0.1028 
0.0 0.0042 
0.0 0.1186 


1, 


3701, 


0.0711 
-0.0005 
=0.0593 

0.0 

0.0593 

0.0019 
-0.0685 
-0. 1028 
-0.0032 

0.1186 


0.0715 
-0.1187 
-0.0034 
-0.0560 

0.0150 
-0.13593 

0.0 

0.0 

0.0 


0.0 


0.0711 
-0.0005 
-0.0593 

0.0 

0.0593 

0.0019 
=-0.0685 

0.1028 

0.0032 
-0.1186 


0.0709 
0.0604 
0.0026 
-0.0561 
0.0196 
0.0676 
0.0 
0.1028 
-0.0042 


-0.1186 
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ve oe te 
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“en ae 
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(iii) ese rata Cle 
PREQUENCY = 767.9 CH-1 

0.1908 0.1041 06.1008 -0.2238 
PREQUENCY = 547.2 CM-1 
©0.101%1 0.2071 -0.1011 0.0040 
FREQUENCY = 431.5 CN-1 

0.0753 0.0712 0.0753 0.1125 
FREQUENCY = 248.7 CM=-1 
-0.0079 -0.0226 -0.0079 0.0272 
FREQUENCY = 242.5 CM~1 

0.0232 -0.0357 0.0232 -0.0063 
FREQUENCY = 170.2 CH-1 
-0.0084 0.0166 -0.0084 -0.0002 
FREQUENCY = 0.0 CH-1 

0.0 0.0 0.0 0.0 
FREQUENCY = 544.5 CH-1 

0.17648 0.0 -0.1764% 0.0 
FREQUENCY = 243.8 CH-1 

0.0356 0.0 =0.0356 0.0 
FREQUENCY = 168.7 CH-1 

0.0187 0.0 -0.0147 0.0 
Gen ayse, ek, 

FREQUENCY = 767.0 CK-1 

0.1012 0.1012 0.1012 -0.2243 
FREQUENCY = 429.2 CH~1 

0.0736 0.0736 0.0736 0.1117 
PREQUENCY = 246.8 CN<1 

0.0134 0.0134 0.0134 -0.0274 
FREQUENCY = 0.0 CK-1 

0.0 0.0 0.0 0.0 
PREQUERCY = 544.3 CM-1 

0.2038 -0.1019 -0.1019 0.0 
FREQUERCY = 241.2 CM-1 
-0.0406 0.0203 0.0203 0.0 
FREQUENCY = 168.7 CH-1 

0.0168 -0.0084 -0.0084 0.0 
FREQUENCY = 544.3 CA-1 

0.0 0.1765 -0.1765 0.0 
FREQUENCY = 241.2 CM-71 

0.0 =0.0352 0.0352 0.0 
PREQUENCY = 168.7 CH~1 

0.0 0.0145 -0.0145 0.0 


-0.0889 
-0.0455 
0.0004 
-0.0837 
-0.0313 
-0.0045 
0.0 
-0.0814 
0.0876 


-0.0079 


-0.0886 
-0.0019 
0.0725 
0.0 
-0.0467 
=-0.0500 
=0.0048 
-0.0809 
-0.0866 


=-0.0082 


-0.0889 
-0.0455 
0.0004 
-0.0837 
~0.0313 
=-0.0045 
0.0 
0.0818 
-0.0876 


0.0079 


-0.0886 
=-0.0019 


0.0725 


. 0.0 


0.0935 
0.1000 
0.0095 
0.0 
0.0 
0.0 


~0.0881 
0.0936 

0.0041 

-0.0452 
0.1152 
0.0100 
0.0 
0.0 
0.0 
0.0 


-0.0886 
-0.0019 
0.0725 
0.0 
-0.0467 
=-0.0500 
0.0048 
0.0809 
0.0866 
0.0082 


0.0713 
0.0589 
-0.0009 
0.0569 
-0.0115 
-0.0684 
0.0 
-0.1039 
0.0026 


0.1169 


0.0711 
0.0015 
-0.0582 
0.0 
0.1200 
-0.004%2 
0.1389 
0.0 
0.0 
0.0 


0.0707 
-0.1198 
0.0044 
0.0567 
-0.0192 
. 0.1359 
0.0 
0.0 
0.0 


0.0 


0.0711 
0.0015 
-0.0582 
0.0 
0.0600 
0.0021 
-0.0674 
-0.1039 
-0.0036 


0.1168 
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0.0713 
0.0589 
-0.0009 
0.0569 
-0.0115 
-0.0684 
0.0 
0.1039 
0.0026 


-0.1169 


0.0711 
0.0015 
-0.0582 
0.0 
0.0600 
0.0021 
-0.0674 
0.1039 
0.0036 


-0.1168 - 
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34. _ 35 
(v) SP CL 
3 

PREQUENCY = 766.0 CH=1 

0.1042 0.1042 0.1042 -0.2189 -0.0891 =-0.0891 -0.0891 1 
Dee tisacr is 470. 8iCRS 0.0715 0.0715 0.0715 
0.0732 0.0732 0.0732 0.1136 0.0033 0.0033 0.0033 -0.0026 -0 6 = 
FREQUENCY = 249.6 CH-1 ae ee 
0.0124 0.0124 0.0124 -0.0300 0.0732 0.0732 9.0732 -0.0588 -0.0588 -0.0588 
FREQUENCY = 0.0 CH~1 . 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
FREQUENCY = 548.8 CH-1 

0.2062 -0.1031 -0.1031 0.0 =-0.0466 0.0933 -0.0466 -0.1184 0.0592 0.0592 
PREQUENCY = 247.7 CH-1 
-0.0412 0.0206 0.0206 0.0 0.0515 0.1030 -0.0515 -0.0036 0.0018 0.0018 
FREQUENCY = 168.9 CH-1 

0.0166 -0.0083 =0.0083 0.0 -0.0045 0.0090 -0.0045 0.1353 -0.0676 -0.0676 
FREQUENCY = 548.8 CH-1 

0.0 0.1786 -0.1786 0.0 -0.0808 0.0 0.0808 0.0 -0.1025 0.1025 
FREQUENCY = 247.7 Ch-1 

0.0 =0.0356 0.0356 0.0 =0.0892 0.0 0.0892 0.0 -0.0032 0.0032 
PREQUENCY = 168.9 CN-1 

0.0 0.0143 -0.0143 0.0 -0.0078 0.0 0.0078 0.0 0.1172 -0.1172 

i 
. S435 37 

(vi) SP on eet 

FREQUENCY = 765.1 CH-1 

0.1046 0.1013 0.1046 -0.2194 0.0889 -0.0889 -0.0897 0.0713 0.0719 0.0713 
FREQUENCY = 546.0 CH-1 

=0.1038 022029 -9.1038 0.0040 =0.0479 -0.0479 0.0930 0.0603 -0.1184 0.0603 
FREQUENCY = 428.5 CH-1 

0.0716 0.0755 0.0716 0.1127 0.0009 0.0009 0.0055 -0.0002 -0.0054 =-0.0002 
FREQUENCY = 248.8 CH-1 

0.0202 -0.0074 0.0202 -0.0267 0.0420 0.0420 0.1118 =-0.0522 -0.0526 -0.0522 
FREQUENCY = 245.2 CM=1 

0.0126 -0.0429 0.0126 0.0127 -0.0777 -0.0777 0.0586 0.0274 0.0229 0.0274 
FREQUENCY = 167.3 CN-1 

0.0083 -0.0168 0.0083 -0.0003 0.0048 0.0048 -0.0085 0.0667 -0.1342 0.0667 
FREQUENCY = 0.0 CH-1_ 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
PREQUENCY = 548.6 CM-1 

0.1787 0.0 -0.1787 0.0 -0.0803 0.0803 0.0 -0.1025 0.0 0.1025 
FREQUENCY = 245.1 CM-1 

0.0352 0.0 -0.0352 0.0 0.0883 -0.0883 0.0 0.0041 0.0 -0.0081 
FREQUENCY = 168.8 CH=1 

0.0182 0.0 =-0.0142 0.0 -0.0081 0.0081 0.0 0.1171 0.0 -0.1171 


a) Obtained from the final force field of Table 6.8. 
b) Entries under each frequency are listed in the order of 
the internal coordinates of Table 6.5. 
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Potential Energy Distributions®’ 2 
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(i) er SbCl oC 


PREQUENCY = 767.9 CH-1 
0.1965 0.0867 0.5131 
FREQUENCY = 547.2 CH-1 
0.3894 0.6766 0.9003 
PREQUENCY = 431.5 CM<-1 
0.3475 0.1284 0.4104 
PREQUENCY = 248.7 CH-1 
0.0116 0.0389 0.0721 
FREQUENCY = 242.5 CH<-1 
0.1047 0.1023 0.0040 
PREQUENCY = 170.2 CH-1 
0.0279 0.0448 0.0000 
FREQUENCY = 544.5 CH-1 


0.0 0.0 0.0 
FREQUENCY = 243.8 CH-1 
O..0> = 0.0 0.0 
FREQUERCY = 168.7 CH-1] 
0.0 0.0 0.0 

Ga) Bases cle 


PREQUENCY = 767.0 CH-1 
0.3495 0.5166 0.1199 
FREQUENCY = 429.2 CH~1 
0.5909 0.4¢C89 0.0002 
FREQUENCY = 246.8 CH=1 
0.0596 0.0745 0.7757 
FREQUENCY = 544.3 CA-1 
0.0 0.0 0.0 
PREQUENCY = 241.2 CKH~1 
0.0 0.0 0.0 
PREQUENCY = 168.7 CH? 
0.0 0.0 0.0 
FREQUENCY = 544.3 CH~1 
0.0 0.0 0.0 
PREQUENCY = 241.2 CH-1 
0.0 0.0 0.0 
PREQUENCY = 168.7 CH~1 
0.0 0.0 0.0 
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for fSopwelacie) 

Pash Che and a0SP 7 Cl aCl 

0.0776 0.0405 0.0167 0.0082 0.0 0.0 0.0 
0.0401 06.0901 0.0224 0.0464 0.0 0.0 0.0 
0.0000 0.0003 0.0000 0.0001 0.0 0.0 0.0 
"0.6563 0.1017 0.1015 0.0503 0.0 0.0 0.0 
0.0967 0.6936 0.0043 0.0060 0.0 0.0 0.0 
0.0080 0.0107 0.3127 0.6178 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.7840 0.1455 0.0704 
0.0 0.0 0.0 0.0 0.1596 0.8402 0.0002 
0.0 0.0 0.0 6.0 0.0568 0.0142 0.9293 
0.0014 0.0 0.0 0.0 0.0 0.0 0.0 
0.0000 9.0 0.0 0.0 0.0 0.0 0.0 
0.0093 90.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.7855 0.1440 0.0705 0.0 0.0 0.0 
0.0 0.1590 0.8405 0.0004 0.0 0.0 0.0 
0.0 0.0555 0.0155 0.9290 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.7855 0.1440 0.0705 
0.0 0.0 0.0 0.0 0.1590 0.8405 0.0008 
0.0 0.0 0.0 0.0 0.0555 0.0155 0.9290 
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PREQUENCY = 766.0 CH-1 


0.3711 0.4931 0.1216 


FREQUENCY = 430.8 CH-1 


0.5797 0.4197 0.0005 


FREQUENCY = 249.6 CM-1 


0.0492 0.0871 0.7737 


FREQUENCY = 548.8 CA~1 


0.0 0.0 0.0 
FREQUENCY = 247.7 Ch@-1 
0.0 0.0 0.0 
PREQUENCY = 168.9 CM-i1 
0.0 0.0 0.90 
FREQUENCY = 548.8 CH-1 
0.0 0.0 0.0 
PREQUENCY = 247.7 Ch-i 
0.0 0.0 0.0 
PREQUENCY = 168.9 CH-1 
0.0 0.0 0.0 
fae) aire aoe 


FREQUENCY = 765.1 CM-1 


0.2134 0.0827 0.4965 


FREQUENCY = 546.0 CKi-1 


0.412% 0.6520 0.0003 


FREQUENCY = 428.5 C&-1 


0.3188 0.1468 0.4177 


FREQUENCY = 248.8 CR-1 


0.0752 0.0041 0.0694 


FREQUENCY = 245.2 CM-1 


0.0300 0.1446 0.0167 


PREQUENCY = 167.3 CN-1 


0.0277 0.0474 0.0000 


FREQUENCY = 548.6 CA~1 
0.0 0.0 0.0 
FREQUENCY = 245.1 CA~7 
0.0 0.0 0.0 
FREQUENCY = 168.8 C1 
0.0 0.0 0.0 


a) Obtained from th 
b) Entries under each frequency are 
the symmetry coordinates 
molecules of C3, and Ce 


0.0015 
0.0000 
0.0093 
0.0 
0.0 
0.0 
0.0 
0.0 


0.0 


0.0782 
0.0446 
0.0000 
0.1651 
0.5821 
0.0047 
0.0 
0.0 
0.0 


0.0 
0.0 
0.0 
0.7914 
0.1547 
0.05480 
0.0 
0.0 
0.0 


0.0422 
0.0892 
0.0005 
0.6212 
60.1758 
6.0080 
0.0 
0.0 
0.0 


in Tabl 


0.0 
0.0 
0.0 
0.1411 
0.8450 
0.0139 
0.0 
0.0 
0.0 


0.0168 


0.0236 


0.0000 - 


0.0853 
0.0242 
0.3077 
0.0 
0.0 


0.0 


0.0 
0.0 
0.0 
0.0676 
0.0903 
0.9321 
0.0 
0.0 
0.0 


0.0085 
0.0455 
0.0002 
0.0433 
0.0084 
0.6229 
0.0 
0.0 
0.0 


0.7914 
0.1547 


0.0539 


0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.7928 
0.1541 


0.0531 


0.1411 
0.8450 


0.0139 


0.0 
0.0 
0.0 
0.90 
0.0 
0.0 
0.1396 
0.8453 
0.0151 


e final force field of Table 6.8. 
listed in the order of 
es 6.6 and 6.7 for the 


symmetry, respectively. 
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0.0676 
0.0003 


0.9321 


0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0677 
0.0005 
0.9318 
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